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SUMMARY
Following an outline of the chemistry and biochemistry of the purine 
and pyrimidine bases and their nucleotides the analytical approaches to 
their quantiation have been reviewed. High performance liquid 
chromatographic methods for nucleotides, nucleosides and bases have 
been developed and anion-exchange and ion-paired reversed-phase 
separations have been evaluated for use with biological extracts. The 
importance of pH to the selectivity of the IEC has been defined. The 
ion-exchange system gave the simplest chromatograms since nucleosides 
and bases were also retained on the optimum ion-paired system which 
used triethylamine as the counter ion.
Detection principles relying on uv, electrochemical (ECD) and 
fluoresence (FL) derivatisation have been optimised and their relative 
suitabilities discussed. UV detection was the most generally useful but 
EC and FL are more selective and sensitive. ECD was best suited to 
nucleosides and bases with a high degree of oxygenation. Fluorescent 
N^-etheno derivatives which can be resolved by ion-paired HPLC is very 
sensitive but restricted to adenine derivatives.
The extraction of nucleotides from red cells has been investigated in 
detailed. The final extraction conditions using trichloroacetic acid 
gave highest recoveries with minimal hydrolysis of nucleotides. The 
final assays were reliable and reproducible.
Combinations of the above systems were used to determine normal values 
for nucleotides in red cells, platelets and lymphocytes from control 
subjects. Nucleotide data from red cells from 84 controls was obtained 
but no significant correlations were observed. The changes in red cell 
nucleotide pattern in various diseases including those associated with 
adenosine deaminase deficiency and purine nucleoside phosphorylase 
deficiency, when deoxynucleotides accumulate, were determined. 
Abnormalities in the nucleotide content in rheumatoid arthritis (RA) 
were found. ATP concentration were significantly below normal. These 
and other findings in RA have been discussed in relation to a disease 
mechanism involving reperfusion injury.
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CHAPTER 1: INTRODUCTION
1.1 BACKGROUND
In 1908 Levene coined the term nucleotide to refer to the phosphate 
esters of nucleosides, which had been so named since they contained a 
nucleic acid base linked to a sugar molecule. These nucleosides had 
been isolated from the nuclei of cells and thereby, derived their name. 
Nucleotides occur in the majority of tissues from all living species at 
concentrations of up to 10umol/ml of cell water nucleosides and bases 
are present at substantially lower levels (upto 10nmol/ml) in tissue 
extracts. However, since many nucleosides and bases are metabolic 
end-products, in body fluids such as urine and plasma they are the most 
abundant form and nucleotides themselves being rapidly metabolised in 
extracellular fluids, can be detected at trace levels, if at all.
Interest in base and nucleotide metabolism lies in the central role of 
nucleotides in metabolism and the variety of such compounds that can be 
found in nature. There are five purine and pyrimidine bases of 
predominant importance, adenine, guanine, uracil, cytosine and 
thymidine. These give rise to both catabolic products and related 
nucleosides and ribo- and deoxyribo- nucleotides. Even at the simplest 
level this means that they form some fifty important compounds ; 
although in nature the amounts of these compounds vary considerably.
The complexity is in fact even greater; high resolution chromatographic 
separations have revealed at least 150 base-related uv absorbing 
compounds in urine (Scott et al. 1974) and over 30 nucleotide peaks in 
complex tissue extracts (Perrett 1982, Pogolotti & Santi 1982).
Early studies often focused on the adenine nucleotides alone, partly 
because of their central role in energy metabolism and cellular 
regulation, but also for the very practical reason that they are the 
most abundant and therefore the easiest to measure by the variety of 
non-chromatographic assays originally available. ATP is found in 
substantial amounts (upto 4umol/g wet wt) in well prepared tissue 
extracts; for example, in liver it can form over 60% of the total 
monomeric nucleotide pool, while ADP and AMP form only 15% and 5%, 
respectively. Its related deoxyribonucleotides and cyclic nucleotide 
pools do not normally exceed 50nmol/g wet wt and 30nmol/g wet wt 
respectively.
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This level of complexity, as well as the wide concentration range to be 
measured, would alone make the accurate analysis of nucleotides and 
related compounds a challenging task. However the task is further 
complicated by the instability, both biochemical and chemical, of 
nucleotides in tissues and tissue extracts.
Nucleotides are rapidly degraded by a wide variety of intracellular 
enzymes, including 5'-nucleotidases, to lower order nucleotides such as 
AMP and then to nucleosides and bases. These, in turn, may be salvaged 
and reformed into nucleotides, e.g hypoxanthine may be converted to IMP 
by the action of HGPRTase. An outline of these pathways for purines 
and pyrimidines is presented in Fig 1.1A & B. It is important, 
therefore, to block these interconversions in the time interval between 
sampling the tissue and extracting the nucleotides for analysis. Since 
this degradation is mainly biochemical in origin its rate is tissue 
dependent. For example, substantial degradation of liver nucleotides 
occurs within seconds at 37°C whereas human red cell nucleotides appear 
relatively stable for some hours.
Although many aspects of nucleotide analysis and quantitaion have been 
documented many of the techniques used have proved variable. The aims 
of this thesis include a desire to develops robust chromatographic and 
isolation techiques for nucleotides and related compounds.
1.2 THE STRUCTURE AND PHYSICAL PROPERTIES OF BASES AND RELATED COMPOUNDS
The physical and chemical properties of the common pyrimidine and 
purine bases and their derivatives have been documented (Chargaff and 
Davidson 1955) however brief, yet relevant, details will be given here. 
Figure 1.2 shows the structural forms and the ring numbering scheme of 
the two basic compounds pyrimidine and purine respectively. In the 
three pyrimidine compounds, uracil, thymine and cytosine and the two 
purines compounds, adenine and guanine, which form the major 
nitrogenous bases of RNA and DNA, the ring structures are substituted 
has shown in fig 1.3. There are a large number of other purine and 
pyrimidine compounds. Some, such as 6-methylguanine, occur naturally in 
some nucleic acids but only to a small extent. Another group of 
modified derivatives have been synthesised as potential anti-cancer 
agents and some have therapeutic application e.g. 6-mercaptopurine.
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Fig 1.1 Major pathways of nucleotide salvage and interconversion in man
A) Purines 1. 5'-nucleotidase 2. Adenosine deaminase 3.
Purine nucleoside phosphorylase 4. Xanthine oxidase 5. 
Allantoinase 6. Guanase 7. AMP deaminase 8.
Ribonucleoside-diphosphate reductase 9. (Deoxy)nucleoside kinase
5. Hypoxanthine- guanine phosribosyltransferase.
B) Pyrimidines. 1. Cytidine deaminase 2. OMP decarboxylase 3. UMP 
hydrolase 4. CTP synthetase 5. Orotic acid PRTase
6. Uridine-cytidine kinase 7. Uridine phosphorylase 8. Thymidine 
phosphorylase 9. dihydropyrimidine dehydrogenase
N.B. Not all pathways are shown and some of those shown 
do not operate in all tissue types.
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Basic structure and numbering schemes for the purine and 
pyrimidine rings.
N H 2 n
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H N
O ^ N '
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A
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Thymine
Structure of the common purine and pyrimidine bases
Adenosine
N R
C H
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O H  O H
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O H  H
4 Structure of ribonucleosides as typified by adenosine and 
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O 0 0Il I I
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—  Nucleoside — i
Phosphates
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Fig.1.5 Structure of nucleotides typified by ATP
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The bases can combine with ribose or deoxyribose to form ribo- and 
deoxyribo- nucleosides respectively. The pentose can then further bond 
via an ester link usually onto carbon atom 5 with one, two or three 
phosphate groups to form nucleotides. These arrangements are shown in 
figures 1.4 and 1.5.. In addition other nucleotide forms can exist. 
Cyclic nucleotides, which are important regulators in many biochemical 
and physiological mechanisms, contain 3',5'cyclic phosphates. 
Ribonucleoside 3'-phosphates can be released from certain RNA linkages.
Configuration of the Nucleosides and Bases
Both purine and pyrimidine rings are for practical purposes planar with 
only slight changes from this form caused by some substituents groups. 
In nucleosides the planes of the bases are perpendicular to the planes 
of the sugar moiety allowing rotation around the glycosidic bond. The 
ring of the sugar on the other hand is not planar being either endo 
(with the c2 or c3 carbon pointing towards the c5) or exo (with the c2 
or c3 carbon pointing down away from the c5). The endo configuration 
is preferred.
The purine and pyrimidine constituents of the nucleic acids can exist 
in differing tautomeric forms but physico-chemical measurements in 
particular dipole moment studies suggest that for any given compound 
one form predominates. Hydroxy and mercapto compounds exist with the 
oxygen or sulphur in the double bond form, whereas the amino group 
exists in the -NH^ form. The exact tautomeric form though is dependent 
on the nature of the matrix including pH, temperature.
Ionisation of the base structure.
The chemical feature of purines and pyrimidines of most relevance to 
their chromatographic separation is the heterocyclic ring structure 
since this confers a high degree of hydrophobicity to these compounds. 
Such ring systems are highly conducive to separation by reversed phase 
HPLC. This hydrophobicity is in turn modified by the various 
substituent groups attached to the ring in nucleosides and bases. Brown 
and co-workers in a number of papers has addressed the role of ring 
substituents in determining the relative retention of purine and 
pyrimidine bases on reversed phase packing materials. From these 
studies a number of predictive rules have been formulated and these 
have been summarised (Scoble & Brown 1983) .
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The purine and pyrimidine constituents of the nucleic acids although 
commonly known simply as bases in fact possess little or no basic 
character. Pyrimidine is a weak base (pKa 1.31 and ca. 6.3) whereas 
purine is an acid (pKa = 2.4 and pKb = 8.9) in simple water solutions. 
Hydroxy pyrimidines such as uracil also ionise as weak acids. The pKa 
of amino-, hydroxy- and related pyrimidines shows that the amino group 
weakens the acidic function and the hydroxy weakens the basic function. 
Aminopurines possess increased basic character compared to the base 
compound. Methyl substituents have little affect on either basic or 
acidic structures. The pKa data for the commonest compounds of interest 
are listed in Table 1.1. In summary nucleosides and bases are 
positively charged at acid pH, uncharged at neutral pH and negatively 
charged in alkaline media.
In the case of nucleotides the dominant modification is the addition of 
the strongly ionic phosphates. Nucleotides are strong acids with pKa 
values of about 1 at pH 2. The monophosphates have a unit negative 
charge of 1, the diphosphates of 2 and the triphosphates of 3. At pH7 
and above the nucleotides undergo secondary dissocation gaining an 
additional negative charge. Clearly for ion exchange separations 
triphosphate nucleotides will be retained more than diphosphates which 
in turn are retained more than monophosphates. It is the presence of 
these highly negatively charged groups which dictates the difference in 
the approach to the chromatographic analysis of nucleotides compared to 
nucleosides and bases.
In view of such differences in ionisation the simultaneous 
chromatographic separation of all three groups of compounds can be 
predicted to occur under only rather limited sets of conditions with 
any ease. Firstly at alkaline pH when nucleosides and bases as well as 
nucleotides are negatively charged and resolveable by anion exchange 
chromatography. However such conditions are incompatible with current 
silica bases media and the use of polymeric packings would be 
necessary. Secondly with ion-pairing of the nucleotides so allowing 
their retention on a reversed phase stationary phases along with the 
nucleosides and bases at neutral pH.
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Table 1.1 IONIZATION CONSTANTS OF SOME BASES AND NUCLEOSIDES *
Compound Name 
Adenine 
Adenosine 
AMP
Guanine
Guanosine
GMP
Hypoxanthine
Xanthine
Inosine
Xanthosine
Thymine
Thymidine
TMP
Uracil
Uridine
UMP
Cytosine
Cytidine
CMP
pKa
9.8
12.5
13.06
9.6.12.4
9.2.12.4
9.5
8.9, 12.1
7.5, 11,1 
8 .8 , 12.3 
5.7, 13
9.8
9.7
9.9
9.5, 13.2
8 . 8
9.6 
12.2 
12.5
pKb
1, 4.5
3.5 
3.8
0, 3.1
1.6 
2.4 
2.0
ca. 0.1 
1.2 
<2.5
3.4
4.6
4.2
4.4
Values based on Mompon (1987)
Table 1.2 UV CHARACTERISTICS OF NUCLEOTIDES. BASES etc.
ratio*
PH Max nm E x 10
-3
254/270 254/220
ATP 2 257 14.7 1.77 3.05
GTP 1 256 12.4 1.81 3.80
CTP 2 280 13.0 0.52 1.03
UTP 2 262 10.0 1.40 33.1
N.B. max and E are very similar for NDP, NMP, nucleoside and base 
* for Cecil 212 detectors areas determined with SP4270.
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Spectroscopy Properties.
For the present purposes of detecting bases and related compounds in
chromatographic eluates only the UV-visible spectra will be considered
and in practice few relevant compounds absorb outside the UV. IR and
NMR spectral data can be found elsewhere (Lister 1971, Dunn and Hall,
1968, Monpon, 1987). In practice the UV spectra of the bases is a
function of the state of the base structure and the type, number and
position of any attached chromphores plus the ionic nature of the
solvent in particular its pH. High extinction coefficients E > 10 x 
3 max
10 are common and permit relatively high sensitivity detection with
modern HPLC UV detectors.
Spectral details of the commoner nucleosides and bases are given in 
Table 1.2.
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1.3 THE BIOCHEMISTRY OF NUCLEIC ACID COMPONENTS
Nucleotides, nucleosides and bases are fundamental biochemical 
components of living organisms and their biochemical pathways are many 
and complex. Although most aspects of their metabolism have been 
documented in considerable detail and are outlined in most standard 
biochemistry texts few authors have attempted to draw together these 
findings in a comprehensive manner. Only one work (Henderson and 
Paterson 1973) is specifically directed at the study of nucleotides. 
However considerable detail on metabolic aspects of purine and 
pyrimidine metabolism as well as clinical data is to be found in Part 7 
of The Metabolic Basis of Inherited Disease (Stanbury et al. 1983). 
Multipart works such as individual volumes of Methods in Enzymology and 
the published proceedings of the triannual Purine and Pyrimidine 
Metabolism in Man symposia also contain much information.
Fields of interest.
The central role of nucleic acids and related compounds to the living 
organism means that their quantitative and qualitative analysis is of 
importance in a wide number of fields. Table 1.3 lists some of the 
more important areas of interest in Biochemistry and clinical science 
where HPLC has been applied to the analysis and quantitation of 
nucleotides and related compounds.
Much work has been focussed on providing patterns or chromatographic 
finger-prints of samples such as the nucleotides in various tissues in 
the same animal or the same tissue/cell in different species. The 
patterns of uv absorbing compounds in normal urine and specimens 
obtained in various disease states have been reviewed (Simpson & Brown 
1986).
Interest in the clinical importance of purine metabolism for long 
centred on disorders of the purine salvage pathways such as gout and 
the Lesch-Nyhan syndrome but recently HPLC has proved valuable in the 
understanding of severe combined immunodeficency diseases (SCID) 
associated with the absence of adenosine deaminase or purine nucleoside 
phosphorylase in the red cells and other cells of patients.
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Table 1.3. AREAS OF APPLICATION FOR THE ANALYSIS OF NUCLEOTIDES ETC,
A. SOME BIOCHEMICAL AREAS
1. Nucleic acids study
2. Energy metabolism
3. Purine biosynthesis
4. Pharmacology
5. Cyclic nucleotide research
B. SOME AREAS OF CLINICAL INTEREST
1. Metabolic errors ...... Gout
4. Haematology
2. Oncology..
3. Physiology
5. Others
Lesch-Nyhan Syndrome
Severe combined immuno deficiency (SCID)
Anti-metabolites
Smooth Muscle metabolism
Energy metabolism
Blood cell preservation
Platelet aggregration
Ischaemic damage during organ transplants
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In pharmacology a number of drugs particularly some used in the 
treatment of various cancers have structures based on the purine ring 
for example 6-mercaptopurine, allopurinol. The recently introduced 
anti-viral agents such as acyclovir also possess a purine ring. The 
same base structure is also found in a number of central nervous system 
drugs such as caffeine, theophylline and theobromine. Although their 
analysis is usually considered along with other pharmacological 
compounds in HPLC texts their separation is in fact only a specific 
method derived from the more general approaches to be discussed in this 
chapter. Outside the area of animal biochemistry the HPLC of 
nucleotides can still have application. For instance the nucleotide 
content of seeds may indicate the vigour and viability of the crop, a 
useful means of testing the seeds (Standard, Perrett and Bray 1983).
An outline of purine and pyrimidine biosynthesis.
There are two synthetic pathways for nucleotides a) De novo synthesis 
and b) the salvage pathway.
De novo synthesis of the purine ring involves the complex 10-stage 
assembly of IMP which is a common end-product for both the adenylate 
and guanylate synthesis pathways, from individual small molecules such 
as glutamine and aspartic acid. The origins of the individual atoms of 
the purine ring were defined during the 1950s by the use of labelled 
substrates in bacterial, avain and mammalian systems (for review see 
Wyngaarden & Kelley 1983). Glycine supplies carbon atoms 4 and 5 and 
the nitrogen at position 7. Carbon 2 and 8 come from formate and carbon 
6 from carbon dioxide. Nitrogen atoms 3 and 9 come from the amide group 
of glutamine while nitrogen 1 comes from aspartic acid. The ribose and 
phosphate of IMP being derived from PRPP. Details of these pathways are 
given in most basic texts including Stanbury et al. (1983). The 
resultant IMP is the critical compound from which both AMP and GMP can 
be synthesised. The conversion of IMP to AMP proceeds in two stages via 
an initial condensation of IMP with aspartic acid to form 
àdenylosuccinic acid (AMP-S) with the necessary energy being derived 
from GTP. AMP-S is then readily cleaved to yield AMP. : ;
- ' - '• • / ;" W  : -  t r  : • • ' ' ■I" ^ e
conversion of IMP to GMP occurs first by its irreversible oxidation to 
XMP with NAD as the hydrogen acceptor followed by reaction with ATP and 
glutamine to form GMP. The relative control of these pathways being due
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to the role of ATP in GTP synthesis and vice versa.
The de novo origin of the pyrimidine ring are less diverse and 
originate in the main from aspartate which supplies carbon atom 1,4,5 
and 6 . Carbon 2 is from carbon dioxide and the nitrogen is derived from 
ammonium. A total of six stages are needed. As for the purines the 
ribose and phosphate groups are derived from PRPP which reacts with 
orotate at step 5 forming 5'-OMP.
Salvage.
Some cells either cannot synthèse nucleic acid components de novo or 
find it energetically unfavourable and rely upon the re-utilisation of 
pre-formed nucleosides and bases. Such procedures use relatively few 
enzymes. The nucleosides and bases that are salvaged are normally 
result from cellular metabolism such as the turnover of ATP although 
free nucleosides and bases in blood may play an important role, Blood 
may transport dietary purines to cells but additionally an important 
role may be the transfer of nucleosides between tissues either as the 
free compound in plasma or as the compound contained within red cells.
The principle salvage mechanism involves the formation of the 
monophosphate nucleotide from the base by a phosphoribosyltransferase 
(PRPP) reaction of the following general form.
Base .+ PP-ribose-P -- » monophosphate nucleotide + PPi
This reaction converts purines, pyrimidines, nicotinamide and some 
other nitrogenous compounds to their respective ribonucleotides. The 
synthesis of PRPP requires ATP and the enzyme PRPP synthetase (EC 
2 .7 .6 .1) is activated by elevated levels of inorganic phosphate.
Studies on purine salvage must therefore carefully control media 
phosphate concentrations. Its principle metabolic role is the extensive 
salvage of hypoxanthine by formation of IMP which can then re-enter the 
final interconversion stages of the 'de novo' pathway or as is the case 
in the erythrocyte, which lack adenylosuccinase, accumulate and be 
transported to other sites within the animal. The enzyme 
hypoxanthine- guanine phosphoribuygl transferase (HPRT E.C.2.4.2.8) 
converts the named bases into their corresponding ribonucleotide by 
transfer of a phosphoribosyl moiety from PRPP. A similar pathway
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involving adenine phosphoribosyl transferase converts adenine to AMP 
(APRT E.G. 2.4.2.7). In-born errors of both these enzymes exist.
Nucleosides can also be salvaged by a phosphorylation reaction 
utilising ATP directly via the appropriate kinase. The two step pathway 
has the following general form.
Base + ribose-1-phosphate ---- > nucleoside + Pi
Nucleoside + ATP ----—» monophosphate nucleotide + ADP
In contrast to the high level of recycling of hypoxanthine by HPRT its 
salvage via purine nucleoside phosphorylase (PNP EC 2.4.2.1) is 
considered to be slight. Normally the action of PNP upon inosine or 
guanosine is considered to be degradative. For adenosine, however, at 
the circulating concentration of adenosine observed in plasma adenosine 
kinase (EC 2.7.1.20) plays a dominant role in the salvage of the purine 
and so prevents degradation via adenosine deaminase (ADA, EC 3.4.5.4) 
(Perrett and Dean 1977).
Catabolism.
In man the major catabolic route of excess purines i.e. those not 
salvaged, is their degradation to uric acid. However purine metabolism 
is remarkably efficient with less than 0 .001% of daily turnover being 
lost (see below). Xanthine Oxidase (Xanthine: oxygen oxidoreductase (EC 
1.1.3.22„.J converts both hypoxanthine and xanthine to uric acid in what 
is the rate limiting step of purine catabolism it is is also an 
irreversible stage. The enzyme exists in two forms an NAD+ dependent 
dehydrogenase, the principle in vivo form, which is transformable into 
a oxygen-dependent oxidase. Xanthine oxidase acts not only on 
hypoxanthine and xanthine but also on a number of related drugs e.g. 
Allopurinol and exogenous substances such as methanol (Parks & Granger 
1986). In man it is only present in =. substantial amounts in the liver 
and intestinal mucosa (Watts, Watts and Seegmiller 1965). The 
physiological importance of the enzyme is unclear but over-production 
of urate is associated with gout and the damaging deposition of urate 
crystals can be stopped by the administration of the xanthine oxidase 
inhibitor, Allopurinol. Xanthinuria is a rare inherited disorder 
characterised by the absence of xanthine oxidase and high 
concentrations of xanthine and hypoxanthine in body fluids.
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Deoxynucleotide biosynthesis.
Studies with radiolabelled substrates first showed that 
deoxyribonucleotides can be formed directly from ribonucleotides 
(Hammarsten et ai. 1950). Deoxynucleotides can be synthesised by 
salvage pathways very similar to those already described for the 
ribonucleotides but utilising deoxynucleosides. Mammalian cells can 
also synthesize dNXP's from the respective ribonucleotides via the 
action of a single enzyme, ribonucleotide diphosphate reductase (for 
review see Thelander and Reichard 1979). The formed dNDPs are rapidly 
either incorporated into DNA or degraded to deoxynucleosides by the 
activity of deoxy-5'-nucleotidase. The deoxy-compound pool size of 
normal cells is very small but fluxes through the pathways can be 
considerable. Studies, usually with E. Coli, have shown that all four 
deoxynucleotides are present in cells and the pool size increases 
during the S-phase of cell growth but with dGTP being the least 
abundant. Calculation suggests that the dGTP pool can only sustain 
about 15sec of DNA synthesis (Thelander and Reichard 1979).
Although deoxynucleotide metabolism would appear of considerable 
importance with regard to DNA synthesis relatively little attention was 
paid to it until the discovery of elevated levels of deoxy-ATP in 
adenosine deaminase deficiency which linked deoxynucleotide metabolism 
to defects in the human immune system (see later section).
Function- of Nucleotides, Nucleos-ides and Bases . •'rr
In biological systems nucleotides and related compounds have a wide 
variety of functions and the principle ones are outlined below.
Nucleotides either as ribonucleotides or deoxyribonucleotides are the 
structural units of nucleic acids being incorporated into RNA and DNA 
respectively. It is considered that the quantities of free nucleotides 
other than ATP would support only a few seconds of nucleic synthesis 
and nucleotide synthesis is therefore essential for cell division.
ATP, is the predominant nucleotide in all cells and is the high energy 
phosphate compound involved in intermediate metabolism. Its synthesis 
and utilisation are dynamic processes that are normally exceptionally 
well balanced. The major pathways of energy production in most 
organisms are glycolysis and mitochrondrial oxidative phosphorylation.
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Oxidative phosphorylation yields some 17 times as much useful energy as 
does glycolysis and as such is responsible for the production of over 
95% of the body's requirement of ATP. In man oxidative phosphorylation 
is capable of ATP synthesis at a steady state rate between 400mg and 
9000mg ATP/min/kg. Translated to the whole body even at the minimum 
rate this is equivalent to the production of lOOmol per day. A sum in 
marked contrast to the daily urinary excretion of the end products of 
purine metabolism principally uric acid at<3 mmol/24h.
ATP is consummed during normal cellular metabolism by a multitude of 
energy-requiring reactions that are critical to the maintainance of 
cell integrity and viability. The necessary energy is derived from the 
hydrolysis of the pyrophosphate bonds of nucleoside triphosphates 
principally ATP. ATP synthesis is regulated by the availability of 
oxygen, inorganic phosphate and glucose or fatty acids.
Nucleotides also function as donor molecules transferring components to
other molecules (see ch. 3 in Henderson & Paterson, 1973). Triphosphate
utilising reactions may be classified according to the site of cleavage
of the high energy phosphate side chain. The generated energy is used
either directly or indirectly to drive the reaction. 1) A large number
of systems exist in which the readily labile terminal phosphoryl group
is transfered to an acceptor molecule via a kinase. 2) Transfer of the
terminal pyrophosphate moiety only occurs in two cases, formation of
PRPP from ribose-5-P and ATP and a similar reaction with thiamine,in 
2+
both instance Mg and P^ are required. 3) The nucleotidyl group can be 
transferred to another phosphorylated compound as occurs in the 
formation of NAD ' from Nicotinamide ribonucleotide and ATP. 4) Finally 
the adenosyl moiety can be transfer as in the formation of S-adenosyl 
methionine from methionine and ATP.
A number of nucleotides and related compounds possess physiological 
functions. The most notable is cAMP which influences, by a variety of 
cell surface receptors, many cellular processes such as ketogenesis.
The nucleosides themselves in particular adenosine influence coronary 
blood flow and cause dilation of coronary blood vessels by a direct 
mechanism involving specific adenosine receptors (review see Sollevi 
1986) Levels of adenosine are normally low but may increase during 
oxygen deprivation. Additionally adenosine may influence the immune
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system (review see Gilbertsen 1987). Purinergic nerve transmission via 
release of ATP is also well established. Release of ADP from storage 
granules within platelets causes aggregration an early step in the 
clotting mechanism of blood.
Disorders of Purine and pyrimidine metabolism in man.
Abnormalities of purine and pyrimidine metabolism are related to 
either inborn errors of purine metabolism (Table 1.5) or disorders 
of normal metabolism due to disease or drug therapy (Table 1.6).
With regard to clinical diagnosis the inborn errors group are the most 
important. Todate some 11 disorders of purine and pyrimidine metabolism 
have been described. Clinically these present with a remarkably diverse 
pattern of symptoms ranging from the relatively benign (Xanthine 
Oxidase deficiency) through to the severe neurological and 
immunological effects of the Lesch-Nyhan syndrome and adenosine 
deaminase deficiency respectively. All these diseases are fortunately 
very rare the highest frequency (approximately 0 .1% of the population) 
being for the benign ITPase deficiency.
Additional to this group is Gout where the genetic error leads to the 
precipitation of uric acid crystals in gouty tophi. The disease at 
present, appears to include a number of different but related 
conditions. The largest group is composed of men aged over 40 with 
hyperuricemia. However even for this classical group the exact nature 
of this defect is still unknown and may relate to urate transport 
either in the kidney or intestine, some abnormality of minor pathways 
of purine production or defective urate binding to plasma proteins.
Many diseases affect purine metabolism indirectly either by causing 
increased turnover of nucleotide synthetic pathways or by causing gross 
losses of intracellular nucleotides. Renal failure not only leads to 
the accumulation of trace purine and pyrimidine end-products in plasma 
but also to elevated levels of nucleotides within red and white blood 
cells. The elevated levels of nucleotides within RBC's correlates with 
the degree of renal failure and the concentration of plasma phosphate 
both in man (Rejman et al. 1985) and rats (Dean et al. 1978). It is 
likely that such increases are also found in the intracellular 
phosphate pool but such data has not yet been documented. In the
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TABLE 1.5 INBORN ERRORS OF PURINE and PYRIMIDINE METABOLISM in MAN. 
Purine Metabolism.
Hypoxanthine-Guanine Phosphoribosyl Transferase HGPRTase EC 2.4.2.8. 
deficiency (Lesch-Nyhan Syndrome)
Adenosine Deaminase SCID (ADA EC 3.5.4.4) deficiency 
Purine nucleoside phosphorylase (PNP EC 2.4.2.1) deficiency 
Phosphoribosyl pyrophosphate synthetase (PPRP-S EC 2.7.6.1.) 
superactivity
Xanthine Oxidase (XO EC 1.2.3.2) deficiency
Combined Xanthine oxidase and Sulphite oxidase deficiency
Partial HGPRTase
Gout
ITP-pyrophosphohydrolase (ITP-ase EC 3.6.1.19) deficiency 
Adenine phosphoribosyltransferase (APRT EC 2.4.2.7) deficiency I
Pyrimidine Metabolism
Oroticaciduria UMP synthase (EC 2.4.2.10/ODC EC 4.1.1.23) deficiency 
Pyrimidine-5'-nucleotidase (UMP hydrolyase 1 EC 3.1.3.5.) deficiency
Table 1.6 SOME CAUSES OF DECREASED ATP LEVELS IN TISSUES
1. Increased ATP turnover «
Fructose, xylitol infusion etc.
Exercise
Ethanol
Glycogen Storage Disease Type 1 
Hereditary fructose intolerance 
Fructose 1,6-diphosphatase deficiency
2. Decrease ATP synthesis
Tissue hypoxia 
Ischaemia 
Hypoxia 
Metabolic myopathies 
Hypophosphatemia
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reverse situation, Bevington et al. (1985) studied changes in RBC ATP 
in critically ill patients as part of a study on phosphate metabolism 
and observed that only in those with a marked hypophosphatemia (less 
than 0.3mmol/l) was ATP reduced. In general neither ATP nor ATP/ADP 
ratio related to either plasma or erythrocyte Pi.
Depletion of liver nucleotide pools can occur when a variety of 
endogenous substances are given in excess. For example the rapid 
infusion of fructose (0.5g/kg/10min) causes a rapid rise of plasma 
urate by upto 40%. This results from the rapid phosphorylation of 
fructose to fructose 1-phosphate in liver and consumption of ATP stores 
(Williams et al. 1987) the trapping of phosphate as fructose 
1-phosphate prevents re-synthesis of ATP. Ethanol ingestion may cause 
hyperuricemia by both decreasing the renal clearance of urate in a 
competitive manner and increasing urate production due to the 
metabolism of ethanol or its major metabolite, acetate. Puig and Fox 
(1984) have shown that both ethanol and acetate enhance the turnover of 
the liver ATP in man. Xylitol, an intravenous nutrient causes a rapid 
depletion of liver nucleotides (down by 90%) in both man and rats 
(Sestoft and Gammeltoft 1976). Another example of increased ATP 
turnover is Glycogen Storage disease type 1 (deficiency of 
glucose-6-phosphatase) when during hypoglycemia glucagon release 
contributes to accelerated ATP turnover (Fox 1985).
During and after hypoxia or ischaemia, in all cells and tissues', there 
is excessive breakdown of ATP and other nucleotide triphosphates. This 
degradation of ATP causes an efflux of purine breakdown products to 
pass from the cell into the plasma or surrounding medium. Due to the 
low or un-detectable levels of Xanthine Oxidase in human tissues 
hypoxanthine in particular accumulates. Such changes i.e. loss of 
intracellular ATP in animal tissues (e.g. Iriyama et al. 1986) and 
accumulation of plasma hypoxanthine in man (e.g. Harmsen et al. 1981) 
have been reported. Recently interest has focussed on the mechanism by 
which ischaemia may cause tissue damage, transplant rejection, etc. 
McCord and co-workers in a series of publications (see for example 
Granger et al. 1981, Parks and Granger 1986) have proposed that when 
tissues are reperfused with oxygenated blood following an ischaemic or 
hypoxic event then the conversion of the formed hypoxanthine to urate 
via xanthine oxidase leads to the generation of a flux of the
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superoxide radical. This in turn may be converted via a Fenton reaction 
to the extremely toxic hydroxyl radical which via damage to cellular 
macromolecules will compromise the integrity of the cell. Such a 
scenario although widely adopted by free radical chemists is strongly 
questioned by many purine biochemists (e.g. Simmonds 1985).
Harkness et al. (1983) have observed that even moderate amounts of 
muscle work (e.g. 2min of intense exercise), by increasing energy 
metabolism and therefore ATP turnover, leads to an increase in plasma 
urate and the excretion of hypoxanthine in urine (reviewed by Harkness 
1987, 1988). Direct evidence for depletion of muscle ATP pools in human 
muscle biopsies during heavy exercise has been presented by Fox and 
colleagues (1985). These workers have also presented evidence for ATP 
degradation and possible free radical generation in a wide variety of 
other acute and chronic disease states including hypotension, 
respiratory distress, myocardial infarction etc. (Grum et al. 1985).
Some anti-cancer agents can be converted to their corresponding 
ribonucleoside and nucleotide, for example for 6-mercaptopurine such 
metabolites have been identified in cell extracts (Elion 1967). 
Allopurinol, used in the therapy of gout and its metabolite, oxypurinol 
are also found as their respective nucleosides in cells (Krenitsky et 
al 1967).
In nearly all the studies mentioned above the mechanisms have been 
related to adenosine nucleotide metabolism alone. Probably due to 
analytical technique the metabolism of guanosine nucleotides have not 
been measured. However it is often likely that metabolism of GTP etc is 
important as for example in renal failure (Dean et al. 1978). Whether 
such changes are mirrored in pyrimidine metabolism is still less well 
documented.
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1.4 MEASUREMENT OF NUCLEOTIDES -A Review of Existing Methods
There are a wide variety of approaches to the analysis of nucleic acid 
components and these are summarised in the following section.
Spectrophotometric methods
Many methods rely upon the the characteristic uv spectra of the 
compounds and although sensitivities are reasonable due to the high 
extinction coefficient, the degree of spectral overlap means that the 
level of discrimination is low. Nucleic acid components possess strong 
chromophores, which absorb in the uv spectrum between 240 and 270nm.
The change in absorbance during incubation with a wide variety of 
enzymes and enzyme systems forms the basis of many of the enzyme assays 
discussed below. The spectra of a selected group of compounds are shown 
in Fig. 1.6 and a more comprehensive listing has been given in Table 
1.2. The spectra were determined for this thesis using a Kontron 
scanning spectrophotometer whilst the UV data was obtained using a Pye 
SP500 for the extinction coefficients and the integrated output from a
Cecil CE212 detector for the wavelength ratios.
Enzymatic Determination
Nucleotides are substrates for a large number of readily available 
enzymes and an equally large number of enzyme assays have been
developed. Bergmeyer (1974) lists some 35 different assays for purines
pyrimidines and their related compounds.
Enzymatic assays can either measure groups of related nucleotides e.g. 
adenosine nucleotides or individual nucleotides e.g ATP, GMP. Such 
analyses are generally carried out by two types of procedures. In the 
first method the substrates (or products) are either measured directly 
using uv spectral changes or are enzymatically linked to changes in 
oxidation/ reduction status of a pyridine nucleotide. The change in 
redox status of the pyridine nucleotide is then determined either 
spectrophotometrically or fluorometrically. The second method involves 
the use of luciferase and will be dealt with in a separate section.
Adenosine nucleotides : Quantitative enzyme assays have concentrated on 
the adenosine nucleotides since their higher concentrations minimise 
both problems of sensitivity and selectivity.
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Fig 1.6 UV spectra of some typical purine compounds.
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Enzymatic determinations of ATP routinely employ hexokinase (HK, EC 
2.7.1.1) and glucose-6-phosphate dehydrogenase (G6P-DH, EC 1.1.1.49) or 
phosphoglycerate kinase (PGK, EC 2.7.2.3) and glyceraldehyde phosphate 
dehydrogenase (GAPDH. EC 1.2.1.12). Neither of these enzyme systems is 
completely specific for ATP reacting also with other nucleoside 
triphosphates and the assays rely upon the overall higher abundance of 
ATP for their claims to accurate measurement. Only the additional step 
of coupling the reaction to myokinase which is specific for ADP can 
give more accurate determinations (Gruber et al. 1974).
The hexokinase method (Lamprecht & Trautschold, 1974) has proved 
popular because of its simplicity and the availability of the enzymes. 
The principle of the method is shown below and involves the formation 
of NADPH which is measured spectrophotometrically at 340nm.
HK
ATP + Glucose G-6-P + ADP (1)
G6P-DH
G-6-P + NADP+ ------ > 6-Phosphoglucono-p-lactone + NADPH + H+ (2)
The determination of ATP via the 3-phosphoglycerate kinase procedure 
(Jaworek et al. 1974) again relies on an enzymatic link to NADH 
oxidation. The principle of the method is shown below. The equilibrium 
of’reaction 3 lies towards ATP but that of reaction 4 is to the right 
so saturation of PGK with glycerate-3-phosphate is essential.
PGK
ATP + Glycerate-3-phosphate ----- > Glycerate-1,3-P2 + ADP (3)
<----
GAPDH
Glycerate-1,3-P2 + NADH + H2 ------ > Glyceraldehyde-3-P + NAD+ +Pi(4)
<-----
A variety of other enzymatic procedures for ATP have also been proposed 
and are discussed in Bergmeyer (1974).
Assays for adenosine di- and mono- phosphates have received less
X.i
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attention. The commonest procedures rely upon the specificity of 
myokinase (EC 2.7.4.3) for ADP which combined with pyruvate kinase (EC 
2.7.1.40) and lactate dehydrogenase (EC 1.1.1.27) allows the serial 
assay of ADP and AMP in a single reaction scheme (Jaworek et al 1974). 
Another procedure (Bergmeyer, 1974) involves conversion to adenosine via 
alkaline phosphatase and the assay of the resultant adenosine via 
adenosine deaminase.
The measurement of total adenosine nucleotides usually involve enzyme 
cycling procedures. For example Miech and Tung (1970) produced a 
micro-procedure suitable for use with TCA extracts of cells. AMP and ADP 
were converted to ATP by means of myokinase and pyruvate kinase in the 
presence of phosphenolpyruvate, lactate dehydrogenase, guanylate kinase 
and NADH. After completion of this cycling reaction GMP is added and the 
rate of decrease of absorbance at 340nm is proportional to the 
concentration of adenosine nucleotides.
Higher sensitivity in such assays can be achieved by the use of radio-
32
labelled substrates. Use of P-PEP to phosphorylate ADP via pyruvate 
kinase followed by adsorption of the labelled nucleotides onto charcoal 
allows quantitation at sub-picomole levels (Cheung and Marcus 1975) . By 
conversion of ATP to ADP with hexokinase and AMP to ADP with adenylate 
kinase these too can be measured by radio-labelling. Adenosine has been 
assayed radioenzymatically using ADA (Gamici et al. 1987)
Simple enzyme assays such as those for nucleotides can be readily 
automated with gains in throughput and reproducibility. A variety of 
automated systems are available such as that of Yoshikawa et al. (1986) 
who were able to measure a number of adenosine nucleotides and related 
compounds in the same muscle biopsy specimens using a centrifugal 
analyser to automate the sequential analysis of intermediates. For 
example pyruvate, ADP and AMP Were measured in that order by series 
addition of lactate dehydrogenase, pyruvate kinase and myokinase with 
appropriate spin times for the incubations.
Guanosine nucleotides : In general the concentrations of guanosine 
nucleotides are less than one fifth those of the corresponding 
adenosine nucleotides and interference by the adenosine nucleotides in 
the assay of guanosine nucleotides can be a major problem. Therefore
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many methods include a chromatographic purification prior to an 
enzymatic assay. Some specific assays are available though. GMP can be 
measured via linking its kinase to a series of reactions including 
phosphofructokinase and LDH and measuring the yield of NAD+. Attempts 
have been made to assay GTP in the presence of ATP without a prior 
separation by measuring the difference in assays using phosphoglycerate 
kinase, for which both nucleotides are substrates, and hexokinase, 
which is specific for ATP (Garber and Ballard 1970). The relatively low 
levels of guanosine nucleotides in tissue extracts may be partially 
overcome by using enzyme amplification techniques (Cha et al. 1970).
Other nucleotides : A number of other nucleotides cannot be determined 
directly via enzymatic methods but the hydrolysis of 5'-nucleotides by 
phosphodiesterase (EC 3.1.4.1) from snake venom to NMP's allows the 
specific measurement of all adenosine, guanosine, cytidine and uridine 
compounds (Keppler 1974). However the method appears long and complex. 
Bergmeyer (1974) includes a number of assays for other nucleotides such 
as GTP, ITP and CMP but the specificity of most of these assays is 
extremely dependent on the source of the enzymes involved.
Derivatisation to chromphores and fluorophores
At present there are no general derivatising reagents for introducing 
either intense chromophores, electroactive groups or more importantly 
fluorophores into the purine or pyrimidine ring. In fact few 
derivatisation reactions for nucleosides and related compounds exist. 
Those that do are well-known but have limited application such as the 
assay of uric acid with phosphotungstate. The phosphate groups of 
nucleotides can be assayed by the molybate reaction following hydrolysis 
and this reaction was an early means of detection for chromatographc 
systems (Bartlett 1968).
Some fluorometric derivatisation methods have been developed for 
adenine containing compounds. Yuki et al.(1972,1974) employed the 
réaction of adenosine nucleotides with glyoxal dihydrate trimer to 
determined those compounds in mixtures of other nucleotides. Their 
procedure was later modified for use with thin layer chromatography by 
Triplett and Smith (1977). The best known of the fluorescent reactions 
of adenine compounds is the condensation with chloroacetaldehyde to 
form N^-etheno derivatives as described by Secrist et al.(1972). This
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reaction has been developed and studied further during the course of 
this thesis and will be discussed in detail later.
Malcolm and Green (1977) demonstrated that GTP and dGTP can form a 
fluorescent complex with terbium salts (Te3+). This increment is over 
and above the native fluorescence of trebium (ex. 300nm em.545nm) and 
allows 250pmole per cuvette to be assayed.
It is also possible where suitable substituent groups occur to 
derivatise such side groups. For example a fluorophore can be added to 
the -SH group of 6-mercaptopurine using monobromobimane (Burton et al 
1984). The same thiopurine can also be determined by oxidation of the 
thiol group with permanganate to form the purine- 6-sulphonate which can 
be determined spectrofluorometrically (Finkel 1967).
Bioluminescence assays
In 1947 McElroy found that the luminosity of firefly lanterns was 
dependent on the presence of ATP. The system which consists of the 
oxidation of luciferin by 0^ or is catalysed by luciferase. This
enzyme plus the luciferin can be isolated from firefly tails by simple 
homogenisation at pH 7.4. The light emitted has a maximum at 562nm and 
a quantum yield of 88% is possible. The details of the reaction have 
been reviewed by Deluca (1976).
By 1952 this observation had been converted into an extremely sensitive 
and specific assay for ATP (Strehler & Totter) since the initial light 
intensity is proportional to the concentration of ATP present in the 
assay. The high sensitivity of the assay (<20pmol per assay tube) is 
acheived by counting the photons emitted against almost total darkness 
either in a scintillation counter or in a luminometer. Using enzymatic 
shifts it is possible to measure ADP and AMP. Kimmich, Randles and 
Brand (1975) converted ADP to ATP by treatment with a mixture of 
phosphoenolpyruvate and pyruvate kinase and then used luciferase to 
assay the formed ATP. Similarly they converted AMP to ATP by the 
addition of myokinase to the above enzyme system. The main difficulty 
with these assays is the production of reproducible and reliable 
luciferase extracts, which can gives differing responses towards ATP 
and variable chemiluminescent background, the ultimate limiter of 
sensitivity. Such problems have been addressed by Lundin et al. (1976)
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and Olson et al. (1983) to produce more reliable procedures for the 
assay of ATP in red cells.
Attempts have been made to utilities the luciferase reaction to assay 
other nucleotides particularly other triphosphates. Manandhar and van 
Dyke (1974) showed that the reaction of GTP with semi-purified 
luciferase followed a different time course to that of ATP. Although 
the system is sensitive the use of semi-purified enzymes means.the 
system is variable in performance. Pogson, Gurnah and Smith (1979) 
purified GTP and GDP by PEI-cellulose chromatography prior to assaying 
GTP and GDP in tissue extracts using luciferase. The basis of the assay 
was the use of nucleoside diphosphate kinase to generate ATP 
equivalents to the GTP originally present and sensitivity approached 
5pmoles. By incubation with a mixture of 3-phosphoglycerate kinase, 
hexokinase, glucose-6-phosphate dehydrogenase and UDP-glucose 
pyrophosphorylase in the presence of ADP, Nitschmann (1985) removed 
ATP, GTP and UTP prior to assaying GTP via nucleoside diphosphate 
kinase production of ATP. The assay was claimed to be specific although 
corrections for the lost of GTP were necessary.
Immunoassay
Radioimmunoassay (RIA) and competitive protein binding assays have been 
mainly employed to determine trace levels of cyclic nucleotides in 
limited volumes of sample. In the best assays limits of sensitivity 
can exceed those obtained by all other methods but questions over the 
specificity of such assays remain in view of the large amounts of 
non-cyclic nucleotides present in the samples even though the cross 
reactivity of the antibodies with these nucleotides is small. Such 
problems do not occur in plasma or urine but in tissue and cell 
extracts they could be significant. For example a 50% cross reactivity 
is claimed for 25nmol of GTP with the cGMP RIA (Amersham) but the level 
of GTP in tissue extracts can excede 200nmol/g wet wt. It is often 
possible to selectively remove interfer/ing nucleotides such as ATP by 
chromatography or by co-précipitâtion on a precipitate of barium 
hydroxide to reduce cross reactivity.
A number of systems which use the competitive binding of radio-labelled 
and unlabelled cAMP to the binding proteins derived from various 
tissues have been developed (e.g. Tovey et al. 1974, Albano et al.
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1974) It is necessary to separate protein bound from free usually by 
charcoal adsorption. The resulting radioactivity in either the protein 
complex or the unbound fraction being related to the amount of 
unlabelled compound in the sample.
To achieve high sensitivities, RIA systems for cyclic nucleotides were 
developed e.g. for cAMP (Steiner et al.1972) Sensitivity of 0.1 
femtomole for derivatised cAMP have been achieved (Cailla et al. 1973). 
For cGMP, which occurs at below one tenth that of cAMP, competitive 
protein binding assays (Murad et al. 1971) have proved less popular and
3
RIA assay is usually preferred. Such assays using H-cGMP and an 
antiserum with high specificity and affinity can achieve sensitivities 
<2Ofmol (Steiner et al. 1972).
Few immuno-assays for nucleosides and nucleotides have been published. 
Using an antibody raised against 2'.3' disuccinyladenosine conjugated 
to serum albumin a sensitive and specific assay for adenosine in plasma 
was developed by Sato and co-workers (1982). Whilst Piall, Aherne and 
Marks (1986) developed an assay with femtomolar sensitivity for the 
determination of 2'-deoxycytidine- 5'- triphosphate in fibroblast cell 
lines. Unfortunately the degree of cross-reactivity with CTP (2.7%) 
necessitiated the use of either boronate affinity gel chromatography or 
periodate oxidation to remove CTP.
31
P Nuclear Magnetic Resonance
NMR spectroscopy possesses the ability to determine suitable atomic
species within the intact cell or even living animals. It was
31demonstrated in the early 1970's that P NMR could be used to probe
the phosphorus compounds within cells without chemical extraction. The 
31
P nucleus has 100% natural abundance, so no labelling or isotope
enrichment is necessary. The NMR sensitivity of this nucleus is such 
31that the P containing substances must have concentrations of the free
31
nucleus in excess of lmmol/1. The P NMR spectra of cells contains at 
least eight identified resonances ; three from the three phosphates of 
ATP, a pH dependent Pi signal, a phosphocreatine peak, two poorly 
resolved peaks and a large broad hump ; the latter two being variously 
attributed to background species.
In 1973 Moon and Richards were able to observe changes in the P
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spectrum of rabbit whole blood due to pH changes following carbon 
monoxide inhalation. The technique was later applied to the human red 
; cell by Henderson, Costello and Omachi (1974). The first work involving 
whole tissues was that of Hoult et al. (1974) who measured changes of 
adenosine nucleotides in intact, excised muscle. It was soon apparent 
that suitable instrumentation could observe differences both between 
normal and diseased muscle and variations between species (Burt, Glonek 
and Barany 1976). Since then the method has been applied to most 
tissue types and organs both excised from the animal and most 
importantly in situ. The attraction of not needing to isolate the 
tissue or prepare chemical extracts being of great significance.
31There are though limitations. P-containing compounds must be free 
within the cell, therefore total nucleotides levels are not obtained. 
The NMR spectra obtained is dominated by compounds other than 
nucleotides such as inorganic phosphate, phosphocreatine and 2,3-DPG. 
Although focussed beams are employed the spectra are obtained from 
simple defined regions but of necessarially include surrounding bone, 
skin and blood, particularly when studying whole tissues in situ. The 
only nucleotides that can be measured are those of adenosine in fact 
the spectral shift of the other nucleosides is almost identical and 
therefore lie beneath those of the adenosine nucleotides. Over the last 
decade the literature on biological NMR has become substantial but 
relevant reviews have appeared (Avisson et al. 1986, Lindon 1986).
High Voltage Electrophoresis
Bases and nucleosides, being amphoteric compounds, can be readily 
separated by an applied electrical field. Using high voltage 
electrophoresis good separations can be achieved in less than one hour 
at about 4kV. The direction of travel and degree of separation being 
dependent on the pH of the electrophoresis buffer. In pH 1.6 formic 
acid buffer all compounds move towards the cathode. Nucleotides are 
also negative at this pH and therefore tend to stay near the origin. 
Whereas in pH 9 buffer they move rapidly towards the anode and are 
readily separated from the bases and nucleosides. The separation of 
adenosine nucleotides by paper electrophoresis followed by detection 
with a ferric chloride/ sulphosalicylic acid spray was introduced by 
Wade and Morgan (1954). In more recent practice location is usually by 
UV lamp (254nm) when most compounds adsorb strongly although some give
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a slight fluorescence. Few detailed studies of the method have been 
published but the technique and application to nucleic acid consituents 
was reviewed by Elion (1968).
Isotachophoresis is an electrophoretic technique separating ions 
according to their net mobilities in an electric field and differs from 
conventional electrophoresis by using conditions under which most of 
the current is carried by the ions being separated. By using two 
electrolytes of differing anionic mobilities that are stabilised by a 
voltage gradient. The sample anions distribute themselves in bands at 
appropriate voltages. Quantitation can be achieved using the uv 
absorbance of the gel at 254nm. Nucleotides can be separated by this 
technique in approx. 20min with apparently good resolution. Reijenga 
et al. (1986) separated red cell nucleotides using this techique 
but few other workers have employed it.
1.5 EARLY CHROMATOGRAPHIC METHODS
Paper Chromatography
Hanes and Isherwood (1949) introduced the use of one dimensional paper 
chromatography with a formic acid/isopropyl ether solvent system for the 
separation of adenosine metabolites however to achieve a reproducible 
separation Eggleston and Hems (1952) found it necessary to use two 
solvent systems in series to separate the adenosine nucleotides. Two 
dimensional chromatography, a more satisfactory approach, was introduced 
by Caldwell (1952). Details of suitable systems and Rf values for the 
resolution of a large number of nucleotides are given by Thomson (1962).
A number of paper chromatography systems for the separation of 
nucleosides and bases using both ascending and descending systems have 
been published (review Thomson 1962). Iso-propanol-HC1 systems give the 
best separation of the bases etc. whereas ammonia- iso-butyric acid is 
preferred for the separation of nucleosides from nucleotides.
Thin layer Chromatography (TLC)
Of the available TLC procedures those employing anion-exchange type 
surfaces seem the most satisfactory. Reyes (1972) introduced the most 
popular media - polyethyleneimine-cellulose (PEI-cellulose) coated 
aluminium sheet for the rapid separation of nucleotides from
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nucleosides and bases. Chromatograms were developed using distilled 
water and observed under UV light. Two dimensional chromatography of 
purines on PEI-cellulose using water followed in the second direction 
i by isopropanol-ammonium sulphate-water gives improved results (Chivot 
et al. 1974). Drach and Novack (1973) used PEI-cellulose developed 
with boric acid to resolve ribo- and deoxyribo- bases. Simmonds (1969) 
combined TLC with electrophoresis in the second direction to separate 
urinary purines and pyrimidines. The use of TLC for purines etc has 
been reviewed by Pataki (1968).
Recently the application of HPLC technology to TLC has led to the 
development of HPTLC with improvements in resolution and speed.
Although such systems can be applied to nucleotide analysis few workers 
have published details but an application to the separation of pyridine 
nucleotides has appeared (Heard 1983).
1.6 COLUMN CHROMATOGRAPHY
Conventional ion-exchange columns
In 1949 Cohn reasoned that since cytosine, guanine, and adenine exist 
as cations in solution of pH <4 they would combine with cation 
exchangers. Polymer based ion-exchange technology had been developed 
during the Second World War and ion exchange resins were then 
commercially available. In a classic communication Cohn (1949) 
described the separation of 4 bases on a 81 x 7.4mm column of Dowex 50 
cation exchanger (SOOmesh) which was eluted with 650 ml of 2mol/l HC1 
at 0.6ml/min. Using a longer column (24cm) of the same material he 
resolved UMP, GMP, CMP and AMP using 0.1mol/l acetic acid at 0.15ml/min 
giving a total analysis time of about 80h. The separation of 5 bases 
could only be achieved by anion exchange chromatography. In all these 
studies determination of the positions of the eluted peaks was by 
measuring the absorbance of collected fractions at 260nm. The use of 
anion exchangers for the separation of nucleotides with step wise 
decreases in the pH of the eluent was soon described (Cohn 1950).
Cohn's procedure was modified to include continuous gradient elution 
using a mechanical gradient former and increase in salt concentration 
at constant pH by Hurlbert and co-workers (1954) who applied it to acid 
extracts of rat liver. During the 1950s Bartlett (1959) started a
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series of publications on the nucleotide patterns of a wide range of 
samples and species using separations on Dowex 1 columns but using 
total phosphorus determinations as a useful but tedious means of 
detection. In a surprisingly advanced paper Wade (1960) used an 
automatically generated continuous pH gradient to separate a number of 
nucleotides. The gradient's formation was controlled by a pH meter and 
controller and used to elute a Dowex 1 column. Anderson et al. (1962) 
introduced continuous monitoring the eluate with a spectrophotometer, 
thereby simplifying the procedure and gaining chromatographic detail.
By careful control of the gradient, type of gradient and in particular, 
the use of smaller and more closely fractionated ion exchangers the 
analysis time was substantiaHyreduced. The clearer understanding of the 
separation processes gained in this period have been reviewed by Khym 
(1974). The same author by using 13 or 9urn Aminex materials was able 
to achieve the resolution of 14 nucleotides in 90min (Khym et al.
1977). However even "rapid" systems required >2h to resolve most 
nucleotides in mock biological extracts (Khym 1976).
By the mid 1960s most of the elements of modern liquid chromatography 
were present but most researchers concentrated on the resolution of the 
principle components of DNA. However the exceptional abilities of the 
traditional ion-exchangers were supremely demonstrated by the complex 
separations of upto 150 different UV absorbing compounds from human 
urine achieved by the Oak Ridge workers on their "UV analyser" (Scott 
1974). Seta et al (1981) employed HPLC techniques with 5-7um 
macroreticular anion exchange resins and achieved excellent resolution 
of 24 nucleotides in approximately 70min (Seta et al. 1981).
Pellicular ion-exchange materials.
Whilst investigating parameters that may prove important in fast liquid 
chromatography, Horvath, Preiss and Lipsky (1967) devised pellicular 
packing materials. Reasoning that stagnant pores within traditional 
column stationary phases reduced rates of mass transfer between the 
stationary and mobile phases and therefore peak broadening, they 
proposed to reduce this effect by either using smaller particle 
diameters or inert beads coated with only a thin layer of stationary 
phase. Small (<20um) particle technology was already proven for amino 
acid analysis but high back pressures at moderate flow rates had proved 
limiting. Horvath et al. (1967) prepared anion exchange packings that
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consisted of 50um glass beads physically coated with lum layer of 
benzyl-dimethylammonium anion exchanger. These particles were dry 
packed into 2m x 1mm stainless steel columns. Using a phosphate 
gradient to elute their test compounds, which were nucleotides chosen 
because of their UV absorbance, the performance of the new materials 
was evaluated. The pellicular ion-exchangers were capable of 
significantly (50-100 fold) smaller plate heights than traditional 
materials and h was linearly related to flow rate over a useable range. 
They resolved 11 nucleotides in 90min compared to the 2Oh taken using 
traditional ion-exchangers. Applying the new columns to the nucleotide 
content of biological extracts they achieved excellent separations with 
detailed resolution of many then unrecognised components.
The technique was not only a milestone in the development of HPLC but 
also a significant advance in the analysis of nucleotides. It was soon 
being investigated by commercial concerns (Burtis et al. 1970). Other 
workers developed related materials based on an inert silica core onto 
which was superficially bonded ion exchangers. Suitable ion exchange 
materials were able to efficiently separate both nucleosides and 
nucleotides (Kirkland 1970). Following the commercialisation of the 
equipment it was soon applied to biological extracts (Brown 1970) .
Horvath et al. (1967) did note some limitations of their columns ; 
firstly the small sample capacity of their packings, secondly the loss 
of ion exchange capacity with time and finally the excessive pressure 
drops (>2000psi*at 12 ml/h). For analytical work the first was not a 
problem since at least lumole could be loaded onto the column. The 
leaching of the ion exchange material was a problem and loss of 
retentive sites is a continuing problem. The last limitation the 
excessive pressure drop did present problems in using the early 
columns. The flow resistance of the column prevented the use of higher 
flow rates to reduce analysis times further and the equipment then 
available did not function satisfactorily at high back pressures.
Perrett (1976, 1977) demonstrated that the problems of high back 
pressure though could be readily overcome without compromising the 
chromatography. Using columns of the same volume as those employed by 
Horvath and colleagues i.e 3.5ml but of 20cm by 4mm i.d. and with a 
similar but commercially available pellicular anion exchange packing I
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achieved identical chromatography. Although the flow rate was the same 
backpressure rarely exceeded lOOpsi. The other limitations of the 
pellicular materials i.e. degradation of the ion-exchange surface with 
consequent loss of loading capacity and resolution now became dominant.
Microparticular ion exchange packing materials
The chemical linkage of surface modifiers was a solution to the 
problems of chemical and/or physical degradation. Linking an 
ion-exchange group to silica was described for the silica cored Zipax 
materials in 1970 (Kirkland & DeStefano). Using Si-O-Si bonding 
chemically and thermally stable modified silicas were produced. Henry 
et al. (1973) demonstrated excellent separations of a variety of 
nucleotide mixtures and samples on an experimental anion-exchange 
bonded silica. Although the diameters were 30-40um and the column 
dimensions were 1m x 2.1mm i.d. they separated 12 nucleotides >30min 
using a phosphate gradient.
Subsequent developments centred on increasing column efficiency and 
sample capacity. Irregular silicas of small diameter (10±1 urn) 
introduced as Partisil, can be considered the first of the current 
generation of HPLC packings. Ion exchange versions of Partisil were 
employed for nucleotide separations by Hartwick & Brown (1975). 
Subsequently this same group published a large series of papers on many 
aspects of the separation of nucleotides and paralleled this work with 
studies on the reversed phase separation-of nucleosides and bases on 
octadecylsilane-bonded Partisil (Hartwick & Brown 1976) . Using 
Partisil-SAX Hartwick & Brown (1975) found that for NMPs plate heights 
(h) of 0.2mm were typical (i.e. 11000 plates/25cm column). Even with
this increased efficiency gradient elution was still necessary for 
satisfactory resolution of the nucleotides in biological extracts. 
Further investigations led to a more optimal gradient elution system 
using irregularly shaped packings (McKeag & Brown 1978). The equivalent 
RP materials were significantly more efficient (h=0.1mm) but methanolic 
gradients were necessary for the resolution of the large numbers of UV 
absorbing compounds in biological samples. The work of Brown and her 
colleagues has become the accepted standard by which both nucleotide 
and nucleoside separations are judged. A complete description of their 
methods has been published (Brown 1984).
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Reversed phase chromatography for nucleotides and nucleosides 
Nucleosides and bases are ideal candidates for reversed phase 
chromatography possessing moderate hydrophobicity whilst being on the 
whole water-soluble. Hartwick and Brown (1976) introduced the 
separation of nucleosides and bases using ODS-microparticulate 
materials with a simple aqueous buffer/methanol gradient. Such 
approaches are now the standard separation for these compounds (for 
reviews see Brown, 1984, Zakaria & Brown 1981, Scoble & Brown 1983).
The introduction of newer smaller diameter packings has meant that 
various authors have published many modifications on the original 
gradient procedure of Brown and co-workers (e.g. Morris and Simmonds 
1984, De Abreu et al. 1982). Isocratic elution can achieve relatively 
complex separations upto 15 nucleosides on 3um ODS packings but it is 
necessary to carefully control the elution pH (Simmonds & Harkness 
1981, Perrett 1986).
Due to their ionic character nucleotides chromatograph poorly on 
reversed phase columns although some workers have detailed simple group 
separations. For example Anderson and Murphy (1976) separated ATP, ADP, 
AMP, adenine, adenosine and cAMP but with their buffer (pH6.0) ATP, ADP 
and AMP were frontally eluted and only partially resolved. The same was 
found for the other nucleotides. This lack of resolution may not 
restrict those seeking a simple system for relatively uncomplicated 
cell extracts (e.g. Schweinberg & Loo 1980) but the accuracy of 
quantitation of frontally eluted compounds is questionable.
Only for cyclic nucleotides is reversed phase HPLC an accepted method. 
These nucleotides are strongly retained on ODS columns usually eluting 
substantially later than the corresponding nucleoside. A number of 
methods have been published for the separation of the principle cyclic 
monophosphates by HPLC with excellent resolution (Krstulovic et al.
1979, van Haastert 1981). However on the whole uv detection is 
insufficient for their use in biological samples although Krstulovic et 
al. (1979) assayed cyclic nucleotides in brain extracts by this method.
Ion-paired reversed phase chromatography
In order to resolve highly charged compounds by reversed phase it is 
necessary to suppress the charged moieties thereby allowing hydrophobic 
separations to occur. Such a change can be achieved in two ways a)
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suppression of the ionisation of the molecules and b) addition of an 
oppositely charged hydrophobic ion-pair to the eluent. Ion suppression 
has not usually been found acceptable for the resolution of complex 
mixtures in physiological fluids. The pH values necessary can often 
fall outside the limits of conventional silicas. Unfortunately 
nucleotides although containing the hydrophobic purine ring structure 
cannot be easily ion-suppressed. Only one group have employed ion 
suppression for nucleotides (Whitehouse & Greenstock 1982a & b)
Ion pairing techniques allow the separation of charged species on RP-LC 
although the exact mechanisms are still open to much discussion (see 
review by Hearn 1980). Whatever the exact mechanism(s) the resolution 
and retention on any one brand of ODS column are a function of eluent 
pH (i.e. ionisation of the charged species) and the concentration of 
the pairing agent. The ionised phosphate groups of nucleotides makes 
them good candidates for ion pairing. Hoffmann & Liao (1977) separated 
experimental mixtures of nucleotides using tetra-n- butylammonium 
hydrogen sulphate (TBAHS) as an ion-pair. In the pH range 3-7 and with 
concentrations of TBAHS in the range l-3mmol/l they could separate 
many groups of compounds e.g. AMP, ADP, ATP. For more complex 
separations a 0-30% MeOH gradient was necessary but their systems did 
not achieve resolution equivalent to ion-exchange columns.
The next report of ion-paired reversed phase separations of nucleotides 
was concerned solely with the resolution of mixtures of monophosphates 
but did test a variety of related ion-pairing agents i.e. tetramethyl-, 
tetraethyl- and tetrabutylammmonium salts (Walseth et al. 1980). Later 
workers were concerned solely with the separation of the adenine 
nucleotides (e.g. Ingebretsen et al.Î982). To date the most detailed 
study of the mechanisms involved in the ion-paired reversed phase 
chromatography of nucleotides was reported by Perrone & Brown (1984) . 
They concluded that TBA was the most effective counter ion for 
retarding the elution of, particularly, the triphosphates and that the 
ma.ximum increase in elution time occurred at pH 5.7. In general the 
elution order was equivalent to that of an anion exchange column.
Triethylamine (TEA) was employed as the primary hetaeron to pair 
nucleotides by Folley et al. (1983) and a gradient of the counter ion 
magnesium employed for elution from a reversed phase column. Mahoney
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and Yount (1985) had employed gradient elution with TEA bicarbonate 
(100mmol/l) in water pH 6.7 running to 100mmol/l TEA bicarbonate in 
absolute ethanol to elute a variety of ODS columns during preparative 
syntheses of adenosine nucleotide analogues. The eluent was formed by 
bubbling 00^ through the appropriate solution of TEA until the required 
pH was achieved. Its advantages was that the buffer system was readily 
volatile under reduced pressure which was not the case with 
tetraalkylammonium ion pairs. A revised version of these ion-pairing 
techniques for the analytical separation of nucleotide was described by 
Willis et al. (1986).
A variation is zwitterion chromatography introduced by Knox & Jurand 
(1981), who used 11-amino undecanoic acid (CllAA) to pair with 
nucleotides. Because of the double interaction, the separation was very 
pH sensitive but by careful choice of pH, CllAA concentration and % 
methanol it was possible to resolve at least 8 compounds.
1.7 RELATIVE MERITS OF ANALYTICAL METHODS FOR NUCLEOTIDES ETC.
Two factors are important when attempting to quantitate nucleotides in 
biological extracts. Firstly there are a large number of nucleotides in 
many samples and there are complex but important relationships between 
them such relationships also extend to the nucleoside and bases also 
present. The ideal analytical procedure should therefore be able to 
resolve and quantify the majority of these compounds in a single 
sample. Secondly the method should also be able to cater for 
substantial differences in the relative concentrations of the various 
compounds for example the concentration of ATP can exceed that of AMP 
by 100 fold and even more for many minor compounds of interest. Ideally 
though the procedure stood not affect the sample and preferably be 
measured non-invasively within the living organism. It is unlikely that 
any one analytical procedure would be satisfactory for all situations.
Simple assays, i.e. those based solely on UV absorption are not 
suitable for the measurement of complex extracts. By linking such 
methods to specific enzyme reactions it is possible to achieve 
excellent specificity with reasonable sensitivity. However such 
techniques are limited by the availability of suitable enzyme 
preparations that are specific for the substrate of interest and are
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not affected by the matrix in which the compound is contained.
Obviously at least one enzyme is needed for each compound to be assayed 
and the assay times can be considerable although of course it is 
possible to perform many non-kinetic assays in parallel. The complete 
nucleotide and nucleoside analysis of a tissue extract could be 
considered impossible by such means but workers (e.g. Beiss and 
Newsholme 1975) have surveyed the complete adenine nucleotide and 
glycolytic intermediates of tissues. One problem though remains and 
that is that non- chromatographic methods 1 are specific to the analytes ' 
and samples in question and rarely provide additional information.
Such criticisms are unimportant when the goal is to assay low levels 
of one or two nucleotides in a particular extract. Sensitivity is then 
of most importance provided the assays are specific. The 
bioluminescence assays for ATP and the RIA assays for cAMP are of such 
a type. However in both cases care must be taken to minimise to 
effects of interferences and many published methods resort to a 
chromatographic clean up step before the sensitive assay stage. 31-P 
NMR offers many attractions for the analysis of nucleotides. In 
particular it is non-invasive and using surface coils it may be 
selective for particular organs whilst the ability to estimate 
intracellular pH from the Pi shift simulataneous is also advantageous. 
However as well as the very high costs of running such a system it 
also has a number of analytical disadvantges. Firstly it cannot 
differentiate NXP's for example all triphosphates are detected 
together and appear as a single peak. At present even the largest 
magnets have poor sensitivity due to both the background noise and 
the underlying rise in the background. Thirdly other tissues may 
interfere,for instance the contribution of skin to the signal derived 
from lower organs can be considerable.
It can therefore be seen that only chromatographic procedures can
successfully measure the large numbers and relative concentration
differences of nucleotide related compounds found in tissues. The need
to chemically extract the sample is of course a major drawback relative 
31to P-NMR but the resolving power of chromatographic systems is so 
much higher. Paper chromatography, thin layer chromatography and 
electrophoresis can all resolve reasonably complex nucleotide mixtures 
but on the whole they are at best semi-quantitative. Column
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chromatography on traditional ion exchange resins can provided the 
resin dimensions are small, give excellent resolution but even the most 
efficient systems are slow. The HPLC procedures introduced during the 
late 1970's offer both good resolving power with speed of analysis and i 
relatively good sensitivity. Isocratic systems though would need at 
least 50,000 plates/column to achieve the resolution of the nucleotides 
present in tissues and more if nucleosides and bases are also required. 
In current practice plate counts of 10-20,000/column are acheivable and 
the increased complexity (and cost) of gradient elution is essential 
for all but the simplest biological assay.
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1.6 AIMS OF THIS THESIS
In order to overcome some of the limitations of a previously employed 
pellicular anion exchange system for nucleotides (Perrett 1976) which 
employed glass columns and elevated temperatures it was necessary to 
attempt to develop more efficient chromatographic separations for 
nucleotides using microparticulate column technology.
The aims are therefore : -
1. To investigate suitable microparticulate silica based materials for 
the separation of principally nucleotides but where necessary for 
nucleosides and bases. To compare the separation of nucleotides on 
anion exchange packings with that achievable on reversed phase 
columns using readily available packing materials.
2. To. develop suitable procedures for the resolution of the complex 
patterns of nucleotides, nucleosides and bases that occur in 
biological extracts for both qualitative y and quantitative 
analyses. These methods were hopefully to be simple, rapid
and robust but achieve good resolution of the majority of peaks 
found in actual samples whilst requiring only the equipment 
available within the department.
3. To investigate other detectors and/or detection principles as to 
whether they offer improvements in either sensitivity and/or 
selectivity for the detection of nucleotides and related compounds 
in biological extracts.
4. To optimise procedures for the extraction, storage and 
identification of nucleotides from blood cells and other tissues.
5. To apply the developed methods for the quantitation of nucleotides 
. and related compounds in human blood cells and tissue extracts of
animals.
6. To investigate whether physiological or clinical differences in 
nucleotide contents of cells and tissues can be observed.
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CHAPTER 2: EQUIPMENT, MATERIALS AND OUTLINE METHODOLOGIES
' 2.1 HPLC HARDWARE
ACS 300/01 pulse-less HPLC pump 
ACS 500 pulse-less HPLC pump
Pulse damped mini-pump
LC-XP low pressure programmable 
gradient former
Ultrograd low pressure gradient 
gradient former
Ultraviolet detectors 
CE212 and CE2012
Variable wavelength UV detectors 
with 8ul flowcell
Fluorescence detectors
Kratos FS970 with deuterium lamp
and 2Oui flowcell
Electrochemical detectors
Applied Chromatography Systems
The Arsenal, Heapy St, Macclesfield
Cheshire
Milton Roy (LDC Co)
Stone, Staffordshire
Pye-Unicam,
Cambridge
LKB,
Selsdon, South Croydon.
Cecil Instruments,
Milton Industrial Estate, Cambridge
Kratos Ltd,
Barton Industrial Estate, Manchester
LC15 with jet wall 
glassy carbon flow cell
Bioanalytical Systems (BAS)
4 and 4A with thin layer glassy 
carbon cells (LC-5A) with RE-1 
(Ag/AgCl) reference electrode
Gold, Platinum, Silver & Carbon 
Paste thin layer cells
EDT Ltd,
14 Trading Estate Rd,
Park Royal, London NW10 7LU
Anachem,
20 Charles St,
Luton, Beds.
Anachem,
20 Charles St,
Luton, Beds.
Injectors
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Rheodyne 7125
with usually 20ul loops
Specac P/N 34,000 
with usually 25ul loops
Hamilton syringes
SGE syringes
Output devices 
Servoscribe,
flat bed potentiometrie recorders
Dual pen potentiometric recorder
SP4270 Recording Integrator
HP3390 Recording Integrator
TRIO 256K Computer integrator 
with 3.5" dual disc storage unit 
Sekonic printer plotter
Miscellaneous HPLC equipment 
Empty columns and associated 
fittings (all Swagelock type 
with male end fittings 
p.t.f.e. and stainless steel 
tubing, etc.
Anachem,
20 Charles St,
Luton, Beds.
Specac Ltd.
Lagoon Rd, St Marys Cray, 
Orpington, Kent.
Phase Separation,
Queensferry, Clwyd, Wales
SGE, Kiln Farm Lane,
Milton Keynes, Bucks
Labdata,
Silver Wing Industrial Estate, 
Croydon
LKB
Selsdon, South Croydon.
Spectra Physics, Brick Knoll Park 
St Albans, Herts.
Hewlett-Packard
Winnersh, Wokingham, Berks.
Trivector Systems,
Sandy, Beds.
HETP,
Jarman Crest,
Jarman Rd, Milton,
nr. Macclesfield, Cheshire
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Column Packer Shandon Southern,
Chadwick Rd., Runcorn, Cheshire
Sonic Bath Decon Laboratory
Hove Sussex
2.2 Chemicals and Materials
Methanol, hexane and all organic solvents (HPLC grade) from Rathburn 
Chemicals, Claberston Rd. Walkerburn, Peebleshire, Scotland
All nucleotides, nucleosides and bases (best available grade) from 
Sigma Chemical Co, Poole, Dorset.
Hydrochloric acid, ortho-phosphoric acid, nitric acid, trichloroacetic 
acid, perchloric acid, ammonium acetate, sodium citrate, potassium 
chloride, all A.R. grade. Potassium dihydrogen orthophosphate and 
triethylamine GPR, triethylamine HiPerSolv from BDH, Poole, Dorset.
Potassium dihydrogen phosphate, tetra-butylammonium phosphate and 
tetra-butylammonium hydrogen sulphate HPLC grade from 
Fisons Chemicals, Loughborough, Leicestershire.
Chloroacetaldehyde dimethyl acetal, Koch Light, Haverhill, Suffolk. 
Chloroacetaldehyde (55% solution), Fluka Chemicals, (obtained via
Fluorochem, Glossop, Derbyshire)
2'-deoxycoformycin (Pentostatin) (10mg/5ml) prepared by Division of 
Cancer Treatment, National Cancer Institute, Bethseda, Maryland, 20205 
U.S.A was kindly supplied by the Department of Oncology, St Barts 
Hospital. (Later supplies were obtained from Sigma Chemical Co.)
Diethyl ether (hospital grade), May & Baker, Dagenham, Essex. This was 
water saturated by addition of 1% deionised water. Tri-n-octylamine and
1.1.2 trichlorotrifluoroethane (Halocarbon 113, FREON 33) GPR grades 
for the Khym procedure were obtained from BDH Chemicals, Poole, Dorset.
All water used for HPLC and make up of solutions e.g. TCA for samples 
that enter the HPLC was distilled in glass (Fistreem, Fisons,
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Loughborough) and passed through a mixed bed ion exchanger (Houseman 
Ltd). To minimise UV absorbing contaminants in the distilled/deionised 
water at least one litre of deionised water (conductivity <2uS/cm) was 
run to waste before the required amount was collected into glass.
2.3 HPLC Column Packing Materials 
5um APS-Hypersil
5um APS-Hypersil II all from Shandon Southern,
Sum APS-Hypersil Chadwick Rd., Runcorn, Cheshire
Sum CDS-Hypersil 
3urn ODS-Hypersil
Sum CDS -Spherisorb, Phase Separation, Deeside Industrial Estate,
Clwyd, North Wales.
Column Packing and Testing Procedures.
Columns were assembled from HETP stainless steel components with 
suitable wire mesh bed retainers. Columns were packed at 8000-9000 psi 
using a column packer (Shandon Runcorn Cheshire). All columns were 
immediately tested using the following procedures (see appendix 1). 
Column efficiencies etc. were calculated by standard formulae 
(appendix 2). Typical minimum column efficiencies employed for 
analytical work were : -
3urn ODS Hypersil 5000 plates per 10cm
5urn APS Hypersil 3500 plates per 10cm
Exact values depended on the packing material and separation mode.
Purification of chemicals
Chloroacetaldehyde: 50ml of chloroacetaldehyde dimethyl acetal was 
hydrolysed by refluxing with 250ml of 5% (v/v) sulphuric acid and the 
distillate (b.p. 88-90oC) was collected. The chloroacetaldehyde was 
then diluted to a 10% (v/v) solution and stored at 4oC. This dilute 
solution was useable for upto 6 months.
Potassium dihydrogen phosphate : KH^PO^ (GPR) was purified by minor 
modifications to the method of Smukkler (1970) .
Triethylamine: Triethylamine G.P.R. was redistilled over
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p-toluenesulphonyl chloride according to Willis et al. 1986.
Scintillation mixture : This was prepared according to Wood et al.(1975) 
with slight modifications to make it compatible with mini polypropylene 
scintillation vials. 5g of PPO and 0.14g POPOP were dissolved in 650ml 
toluene A.R. on a magnetic mixer and when dissolved 350ml of Synperonic 
NXP was slowly added and stirring continued for a further 30 minutes. 
The mixture was then allowed to stand overnight before use to allow 
chemiluminescence to decline.
Statistical Calculations
These were performed using or Oxstat V (Wright Scientific, London) 
running on an IBM-AT or compatible
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2.4 OUTLINE HPLC METHODOLOGIES 
Anion exchange Chromatography
The HPLC equipment employed in this work has undergone constant change 
and improvement. The following is a description of the HPLC system for 
the quantitation of nucleotides using uv detection as found in it Vs 
final form. Only if earlier arrangements of equipment significantly 
affected the experimental results will they be referred to in the text.
The chromatograph consisted of a 100 x 4.6 mm stainless steel column 
with a Specac valve injector equipped with a 25ul loop and connected 
to the column with the shortest possible length (approx. 2.5cm) of 
0.1mm i.d. stainless steel tubing. The columns were slurry packed in 
the laboratory (see appendix 1) with 5urn APS-Hypersil Type I. Buffers 
were pumped by a ACS 300/01 high speed reciprocating pump operating at 
Iml/min. Flowrates were checked with a 1ml (0.1 graduation) pipette 
and a stopwatch. In order to maintain a reliable pumping action a 
bubble trap consisting of a Technicon micro side-arm de-bubbler was 
attached before the inlet check valve. The upright arm of the 
de-bubbler was connected to a syringe for easy priming but was 
normally clapped off. With this device fitted the pumps were found to 
be reliable and extremely pulse free. The gradient was generated on 
the low pressure side using a Pye-Unicam LC gradient programmer. In 
order to reduce the dead volume of the system the Ballotine mixing 
chamber, which follows the proportioning solenoid valve, was remove 
and replaced by a short (20cm) length of 1 mm bore ptfe. tubing 
formed into a loose coil, such an arrangement considerably reduced the 
void volume yet gave efficient mixing.
The outlet from the column was passed to the detector flow cell via the 
shortest possible length (approx. 25cm) of 0.1mm i.d. thick walled 
ptfe. tubing.The monitor was a Cecil 212 variable wavelength uv 
monitor with deuterium lamp and equipped with a Bui flowcell of 10cm 
pathlength. The detector was usually set to 254nm and sensitivity 0.1 
aufs. The output from the uv detector was fed to one channel of the 
TRIO computing integrator for peak detection and quantitation, the 
results were both stored to floppy disc and plotted immediately post 
analysis on a Sekonic printer-plotter.
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To monitor conductivity changes due to the gradient the outlet from the 
detector was passed through a simple conductivity cell. This consisted 
of two 1cm lengths of 1mm o.d. stainless steel needle slotted tightly 
into a short length of suitable polythene tubing so that a gap of 
approx. 1mm was formed between the two tubes. Electrical connections to 
the stainless steel tubes were achieved by silver soldering a length of 
double stranded fine electrical cable. The signal was monitored by a 
WPA conductivity meter. The signal amplitude was adjusted by changing 
the gap between the tubes of the cell. No attempt was made to calibrate 
this cell but the linearity of the response was confirmed.
For ion exchange chromatography of nucleotides the final form of the 
gradient was a linear gradient (gradient form 6) from 0.03mol/l KH^PO^ 
(Fisons HPLC grade) pH 2.7 to 0.5mol/l KH^PO^ (HPLC grade) plus 
0.8mol/l KC1 (A.R.) pH 2.7. The gradient was run over 13 minutes and 
returned immediately to initial. The regeneration of the column and 
thereby the time to next injection was monitored by the drop in 
conductivity. Regeneration,usually required 5-6 minutes from the end 
of the chromatogram, end . is clearly seen by a disturbance in the 
baseline. Modifications to this gradient were necessary with column 
ageing and to resolve particular peak pairs (discussed later).
Radioactivity determination in column eluates.
Phosphate HPLC eluates were incompatible with simple scintillation 
mixtures for low level beta counting. In order to over come changes in 
counting efficiency yet still count the majority of the column eluate a 
procedure to gel all column fractions was devised. 0.8ml fractions were 
collected using a time based fraction collector. The carousel of the 
fraction collector was modified to accept 5ml polypropylene 
scintillation mini-vials. To each fraction was added 0.8ml of Syperonic 
NXP based scintillation cocktail. The tubes were capped, shaken 
vigorously and placedhthe Nuclear Chicago NCI scintillation counter and 
allowed to cool for at least 1 hour before counting commenced. During 
this time the contents of all tubes would gel solid with no phase 
separation. External standard quench correction was applied.
Reversed-phase chromatography
Nucleosides and bases
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Nucleosides and bases were separated on 3urn ODS-Hypersil columns (100 x 
4.6mm). The column was eluted at 1.2 ml/min with 0.1mol/l ammonium 
acetate buffer pH5 containing 1% methanol at ambient temperature. The 
buffer was recycled for up to one week. Detection was usually at 254nm 
or by electrochemical detection at a glassy carbon electrode.
Nucleotides
Four different ion-paired reversed-phase systems using two different 
ion-pairing agents have been investigated.
Using tetrabutylammonium ion (TBAHS)
Nucleotides were separated on 3um ODS-Hypersil columns 100 x 4.6mm.
For isocratic separations columns were eluted at Iml/min and ambient 
temperature with 0.05mol/l KH^PO^ pH 7 buffer and methanol (98:2) 
containing 2mmol/1 TBAHS. The elute was monitored at 254nm or with an 
electrochemical detector as detailed below.
For the gradient elution system the same column was eluted with a 
linear gradient from 0 to 100% B in 20min. Buffer A was ammonium 
acetate 0.1mol/l pH 5.5 containing 0.4mmol/l TBAHS. Buffer B consisted 
of ammonium acetate 0.1ml/l pH 5.5 plus methanol (70:30) with the same 
final concentration of TBAHS. The eluate was monitored at 254nm.
Using triethylamine (TEA)
The buffer was prepared by titrating an appropriate amount of 
orthophosphoric acid to the required pH with triethylamine and then 
diluting to 1 litre. For example 5ml of orthophosphoric acid A.R. 
sp.gr. 1.54 60% titrated to pH 6 with triethylamine and then diluted 
to 11 was 83.3 mmol/1 with respect to the acid.
Isocratic separations of nucleotides were performed on 3u ODS-Hypersil 
columns 4.6 x 100mm eluted with 100mmol/l of the above buffer pH 
containing 6% MeOH at 1.2 ml/min. Gradient elution employed the same 
column and chromatographic conditions but used a linear gradient from 
83.3 mmol/1 TEA buffer pH 6.0 : methanol (98:2) to 83.3 mmol/1 TEA 
buffer pH 6.0 : methanol (90:10) over 14 minutes at 1 ml/min. The 
eluate was monitored at 254nm with a fixed wavelength detector.
Electrochemical Detection Systems.
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Nucleosides and bases were determined by electrochemical detection 
using reversed phase chromatography and the buffer systems detailed 
above. Nucleotides and related compounds were determined in column 
eluates following isocratic ion-pair chromatography on a 10 x 4.6mm 
column of ODS-Hypersil. The buffers were re-cycled for upto 1 month.
Compounds were normally detected in the column eluate using a BAS 4 or 
4A detector equipped with a BAS thin layer glassy carbon cell and a 
Ag/AgCl reference electrode. However to avoid excessive peak broadening 
when a UV and electrochemical detector were coupled in series an EDT 
electrochemical detector with a wall jet flow cell and a glassy carbon 
electrode was placed immediately after the column and the eluate from 
that cell was passed directly into the flow cell of a Cecil CE2012 
variable wavelength UV detector. This arrangement was possible due to 
the much smaller volume of the EDT wall jet cell. Depending upon the 
compounds to be detected the working potential was set at between +0.6 
and +1. 2V v Ag/AgCl with the detector in the oxidative mode. For 
monitoring cell extracts the potential was usually +1.1V v Ag/AgCl The 
output from the two detectors was fed to a dual channel potentiometric 
recorder. With the high working electrode potentials employed it was 
necessary to protect the system against electrical and chromatographic 
noise. The details of which have given elsewhere (Perrett, 1984) but 
include common electrical earthing, incorporation of EDTA into buffers, 
where possible and pulse free pumping.
Fluorescent Derivatisation of Adenine Compounds.
The HPLC system consisted of an ACS 500 pump (ACS Macclesfield England 
a Rheodyne valve injector with 2Oui loop and a Schoeffel FS970 
fluorescence detector equipped with a deuterium lamp. The excitation 
monochromator was set at 232nm and emission was a >387nm filter. The 
detector output was recorded on either a 0-10mV Servoscribe recorder 
or a Hewlett Packard 3390A integrator. 0.46 x 10cm columns of 3urn 
ODS-hypersil were eluted at 1.2ml/min using a 0.05mol/l ammonium 
acetate buffer pH5.5 containing 0.2mmol/l TBAHS and lmmol/1 sodium 
EDTA with methanol as the organic modifier (90:10). The purity of the 
nucleotides was checked using the anion exchange gradient system.
2.4 OUTLINE CHEMICAL PROCEDURES
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Extraction of red blood cell nucleotides
Blood was collected into heparin tubes, immediately centrifuged at 
2000g and usually at 4°C. The plasma and huffy coat were then removed 
with a pasteur pipette and discarded. The top 10% of RBC's were also 
discarded and the remaining red cells gently mixed. The red blood cells 
(Ivol) were slowly added to 2.5vol of ice-cold 12% w/v TCA containing 
when appropriate 50ul of cXMP (internal standard, 1 mmol/1), in a 
plastic centrifuge tube while being vigourously mixed on a vortex 
mixer. The resultant brown precipitate was removed by centrifugation. 
The supernatant containing the nucleotides was transferred to a glass 
test tube and the excess TCA removed with 5 washings with water 
saturated diethyl ether.
An aliquot of the packed cells was retained for determination of their 
haematocrit or total protein concentration.
In some cases, when rapid sampling was required whole blood was 
extracted with 1 vol 20% w/v TCA. In order to allow for the plasma 
water the volume and strength of the TCA were adjusted accordingly. The 
values obtained approximate to those for red cells alone.
Other samples
Specimen preparation for other types of blood cell will be detailed in 
later sections as appropriate. Methods for the extraction of 
nucleotides from tissues have been described in detail elsewhere 
(Perrett 1987).
Blood was collected into heparin tubes, immediately centrifuged at 
2000g and usually at 4°C. The plasma (1ml) was removed and added to 
1ml of 12% w/v ice-cold TCA. Following centrifugation the supernatant 
was extracted 4 times with 3vol of water saturated ether. The 
supernatants were stored at -20°C until analysis.
Blood for the determination of nucleotides and/or adenine and adenosine 
in plasma was collected into heparinised tubes containing lug 
2'-deoxycoformycin per 10ml of blood to inhibit adenosine deaminase 
activity. Plasma proteins were precipitated by addition of 1ml of 12% 
TCA per ml of plasma.
.-cx ■
Page 63
Formation of 1-N -etheno adenine derivatives.
In the final procedure 0.1ml of nucleotide-containing sample was mixed 
with 1ml of 0.2mol/l ammonium acetate (pH6) containing 4mmol/l NagEDTA 
in either stoppered glass tubes or 1.5ml capped polypropylene vials.
5Oui chloroacetaldehyde solution was added and the mixture vortexed.
The tubes were placed in a 95°C water bath for 10 minutes. At the end 
of that period they were rapidly cooled and 20ul were injected onto the 
HPLC. When limited volumes of extract were available such as with 
lymphocytes the volume of buffer could be reduced appropriately.
Periodate oxidation.
The oxidation of the cis-diol of ribonucleotides has been described by 
Garrett and Santi (1979) and optimised by Tanaka et al. (1984). The 
procedure used was that of the latter workers.
Protein Assay
The protein content of cell homogenates was determined by the 
Bicinchoninic acid (EGA) procedure of Smith et al. (1985) but modified 
to increase sensitivity. The final procedure was as follows : -
Stock solution A consisted of 1% BCA-Na^, 2% Sodium carbonate, 
monohydrate, 0.16% sodium tartrate, 0.4% NaOH, and 0.95% sodium 
bicarbonate dissolved in deionised water with a final pH of 11.25. 
(Available pre-mixed from Pierce Chemical Co. or Sigma). Stock solution 
B 4% CuSO^.SHgO in deionised water. BCA reagent was prepared fresh 
daily by mixing 50vol solution A with Ivol solution B . Standard BSA 
solutions (50, 40, 30, 20, 10, 5 ug/ml) were prepared by diluting a 
60ug/ml stock standard. 20Oui of either standard or unknown was mixed 
with 1ml of BCA reagent. The mixture was then heated at 60°C for 30min 
and the resulting absorbance measured at 562nm.
!
3.1 ANION EXCHANGE HPLC.
At the commencement of this work all published literature on the 
separation of nucleotides had employed strong anion exchange bonded 
silica packing materials. In nearly all cases the material was Partisil 
SAX which was only available in 'standard hplc format' i.e.4.6 x 250mm 
stainless steel columns nor was it available loose. It was also ' a 
relatively inefficient chromatographic material being based on lOum 
irregular silica. The introduction of an amino-propyl-bonded silica 
(APS Hypersil) for normal phase separations suggested that such a 
modified silica material might also be suitable for anion exchange 
chromatography. This material was not only of a regular spherical form 
but being of Sum diameter offered higher efficiencies and lower back 
pressure. APS-hypersil has a carbon loading of 4.63% giving a good 
surface coverage of ion exchange sites (2.35/m2) with a pore size of 
60nm. It was conceivable that the gain in efficiency due to using a 
smaller particle size would allow the development of an isocratic 
system suitable for biological extracts - the chromatographic ideal. 
Improved efficiency should also allow a substantial reduction in 
analysis time to be achieved. It was also available loose for packing 
in the laboratory. Fig 3.1 compares the chemical structures of SAX 
silica, APS-silica and ODS-silica.
i  1/Si—0 —Si—(CH2 )3 —N H-> a CH: ' ©^Si—0 —Si—(CH2 )3 —N—CH3a
/  c h 3
% I
^ S i-0—Si—(CH2)17 CH;
CH a CH-
Aminopropyl T rimethylam inop ropy i Octadecyl
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Isocratic elution studies for nucleotides on Sum APS-Hypersil.
Sum APS-Hypersil was found to be readily packed into 100 x 4.6mm 
columns in the laboratory (See appendix 1). When tested under 
ion-exchange conditions on the standard HPLC system, the mean 
efficiency for a series of 20 columns was 3600 d= 500 plates per 10cm 
measured for a peak of k' of 5 (IMP) with the standard chromatographic 
test mixture. These values are approximately 40% less than similar ODS 
columns on the same equipment.
Using 100 x 4.6 mm APS Hypersil columns eluted with isocratic phosphate 
buffers it was possible to achieve efficient chromatography of 
nucleotides series but with relatively little selectivity. Fig 3.2 
shows the separation of a standard mixture of NMPs such a separation 
was both highly efficient and demonstrates good selectivity for a 
limited range of ionised compounds. The separation was one of 
ion-exchange since increasing the molarity of the phosphate buffer (Fig 
3.3a) caused the retention times to decrease, as expected for a 
predominantly ion-exchange mechanism. Whilst changes in the pH at 
constant molarity also caused variations in selectivity (Fig 3.3b). 
Variants on this separation were used to test all APS-Hypersil columns.
Using isocratic elution it was also possible to demonstrate that the 
maximum sensitivity of the present chromatographic equipment was 30pmol 
of AMP injected at S/N=2 (254nm, 0.01 a.u.f.s). It was also possible to 
separate mixtures of mono-, di- and tri- phosphate nucleotides by 
isocratic elution using a more concentrated phosphate buffer. Although 
such a separation was suitable for some simple physiological nucleotide 
extracts such as TCA extracts of muscle, for more complex biological 
extracts the degree of resolution was insufficient. It was clear that 
although 5urn APS-Hypersil could operate efficiently as an 
anion-exchange packing material it was not significantly more efficient 
than lOum SAX packings to permit isocratic elution of complex 
nucleotide mixtures and that gradient elution would be essential.
Page 66
X
.254
o.
ü
Z'CL.
9 0
MIN
Fig 3.2 Isocratic separation of monophosphate nucleotides on Sum
APS-Hypersil. Column 4.6x100mm Eluent 50mmol/l KH^PO^ pH2 . 8 
Iml/min, 254nm 2nmol each nucleotide injected.
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FlgS 3-3 Variation of k' for the isocratic elution of a series of
monophosphate nucleotides from Sum APS-hypersil with a) pH 
(KH^PO^ constant at 25mmol/l) and b) molarity (pH constant a: 
3.0) phosphate buffer.
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Gradient elution of nucleotides studies with Sum APS-Hypersil.
Compared to the earlier pellicular system (Perrett 1976) the 
microparticulate packings required an increase in the molarity of the 
elution buffers by approx. 5-fold to elute ATP with an equivalent k'. 
However employing the same pH gradient i.e. 6.5 to 4.2 (approximately 
linear), which had been developed to frontally elute NAD, a major 
intra-cellular component, it was impossible to satisfactorily resolve 
triphosphate nucleotides. It was also found that the simple gradient 
former described in the original method, which relied upon the mixing 
of two balanced buffer cells of small (15ml) capacity could not 
equilibrate at the faster flow rates employed. The system was replaced 
firstly with a LKB Ultrograd modified to give twice the designed mixing 
rate and latterly with a microprocessor controlled low-pressure mixer 
(pye LC-XP). The poor resolution was not improved by changes to either 
the mechanism of gradient formation or the form of the gradient.
Measurement of the pH of the eluate showed poor pH control since the 
final pH was 4.9 rather than the expected pH 4.2. pH therefore appeared 
to be a major factor in controlling the selectivity of the column. With 
constant molarity buffers the pH of the both components of the gradient 
was systematically varied whilst a complex equimolar nucleotide mixture 
was repeated chromatographed. The results, for some of the major 
cellular nucleotides, are shown in Fig. 3.4a & b. The pH of both 
Luffsrs significantly affected the selectivity of the column although 
such changes would be expected in the middle of the chromatogram the 
marked affects at the extremes of the run were unexpected. In 
particular an initial buffer pH >5 prevented the resolution of ATP from 
GTP and moved UTP beneath ATP. Using a final buffer with a pH >5 
prevented resolution of ADP and GDP and the monophosphate nucleotides. 
These observations suggested that for adequate control of the 
selectivity for each of the three major nucleotide groups it was 
necessary to operate at pH <3 and, in view of the buffering capacity of 
phosphate it was preferable to have both buffers at or near the same 
pH. Decreasing the pH of the initial buffer caused the k' of NAD to 
increase substantially and it was necessary to optimise the pH of the ' 
initial buffer to resolve NAD from AMP. Because peak size of NAD is 
usually three fold that of AMP, it is preferable to elute AMP before 
NAD and this requires a pH of <2.9. The exact pH value varied with the 
batch of Hypersil and ranged from 2.6-2.9.
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The resolution of the monophosphates, particularly GMP and IMP, was 
critical affected by the system's dead volume. With low pressure 
gradient formation dead volume can be significant. The pre-column dead 
volume of the chromatograph was reduced to the minimum compatible with 
good mixing but was still 0.9ml measured by the difference between the 
elution of the frontal peak 0.85 min (at flowrate = Iml/min) and the 
breakthrough of the gradient at the conductivity meter. The form of the 
gradient was checked by both plotting the change in conductivity and 
the change in absorbance when 0.1% acetone was included in the second 
buffer. Control of these factors were important for the long term 
reliability of the separation. These studies showed that the IMP/GMP 
pair eluted very close to the start of the gradient causing 
difficulties with their resolution on some columns but careful 
attention to the pH allowed almost complete separation.
Varying the molarity of either buffers at constant pH changed the 
capacity factors of the nucleotides in the manner to be expected for an 
ion-exchange mechanism but did not significantly affect the resolution 
except for the monophosphates. Too low a starting molarity caused 
bunching of the peaks when the initial isocratic portion of the 
gradient terminated.
In the optimised system using a final pH of 2.9 and a molarity gradient 
from 0.04 mol/1 KH^PO^ to 0.5 mol/1 KH^PO^ plus 0.8 mol/1 KC1 it was 
possible to resolve complex mixtures of nucleotides using 
anion-exchange chromatography. Fig 3.5 shows the separation of 23 
nucleotides in approximately 13 minutes.
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5 Flnal °pCimised gradient separation of 23 nucleotides on a 4.6 
xlOOmm APS-hypersil. Details as per text.
Page 72
3.2 ION-PAIRED REVERSED-PHASE HPLC 
Studies with tetrabutylammonium ion-pairs
As already described reversed-phase packingsare more efficient than 
ion-exchange columnsbut reversed-phase as a separation mode is 
unsuitable for the resolution of complex mixtures of nucleotides (see 
section 1). On the other hand ion-paired reversed-phase chromatography 
can give useful separations of nucleotides but other than zwitterion 
chromatography stills requires gradient elution. Ion pairing may also 
reduce the efficiency of the reversed phase column.
Using 100 x 4.6mm columns of ODS-Hypersil the separation of mixtures of 
nucleotides in the presence of tetra-butyl ammonium chloride or 
tetra-butyl ammonium hydrogen sulphate was investigated. Fig. 3.6a 
shows the effect of changing the concentration of TBAHS in 0.2mol/l 
KH^PO^ pH5.5 buffer containing methanol (96:4) on the retention of a 
series of nucleotides. The optimum concentration of TBAHS was 0.3-0.4 
mmol/1. The variation of k' with buffer pH at constant TBAHS 
concentration is shown in Fig 3.6b. For ODS Hypersil at pH 5.7 the 
nucleotide-ion pairs behaved chromatographically in the manner 
corresponding bases on the same column type and their elution order was 
C<U<G<I<A<T. Changes in the concentration of the buffer salts in the 
eluent also had a small influence on the separation due to competition 
between the salts and the ion-pair. Unlike anion exchange 
chromatography nucleosides and bases are also retained by hydrophobic 
interaction with the ODS surface of this packing material. Using this 
data a simple separation of a mixture of nucleotides, nucleosides and 
bases under isocratic elution conditions, could be acheived
Using a gradient of increasing % of organic modifier should allow the 
resolution of complex mixtures of nucleotides, nucleosides and bases. 
Using a gradient from 0-25% MeOH in a 0.2mol/l KH PO^ pH5.5 buffer 
containing TBA at a concentration of 0.5 mmol/1 over 15 min at a 
flowrate of Iml/min such a separation could be acheived but it was not
reproducible. Considerable variations in retention times were found to
. !
occur particularly for the late eluting adenosine nucleotides. For ATP
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the retention time in three consequetive runs was 14min, 15.6min and
13.4 min. Such variations in retention time with ion-paired 
chromatography are characteristic of poor column equilibration with the 
ion-pair. However even allowing overnight equilibration and then 
maintaining a constant TBA molarity during the run by; including 
0.Smmol/l in the methanol component of the gradient no significant 
improvement in retention time reproducibility could be acheived.
Further work using gradient elution with TBA was therefore not 
performed.
Studies with triethylamine ion-pairs.
The use of triethylammonium (TEA) ion for ion-pairing has described by 
Willis et al. (1986) was also investigated. Using a 4.6 x 100mm : 3urn
QDS-hypersil column an isocratic separation of nucleotides, was readily 
achieved under isocratic conditions (Fig 3.7). However incorporation of 
ion-pairing agents into the eluent does not prevent or significantly 
change the retention by hydrophobic interaction of the nucleosides and 
bases. These too were also resolved by the ODS column with significant 
effects on the elution profile.
This effect was studied for a simple mixture of nucleotides and bases. 
With no TEA present only the nucleosides and bases were retained but 
over the range 2 - 15ml/l TEA phosphate (34 - 250 mmol/1) there was 
little variation in k' provided the column was equilibrated (this could 
be achieved within 30 min unlike TBAHS) (fig 3.8A) Adjustment of the pH 
of either component of the gradient is shown in Figs 3.8 b. Useful 
variations in retention could be obtained although no one set of 
conditions were found to be ideal for complex samples.
The separation with a triethylammonium phosphate/MeOH gradient for a 
complex mixture of nucleotides, nucleosides and bases is shown in Fig 
3.9. Although the present system used a simpler gradient and a shorter 
column for a more complex mixture the resolution achieved was not 
significantly different from that obtained by Willis et al. (1986). 
Equally the optimum chromatographic conditions determined in this study 
were not significantly different.
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(96:4)
Hx
 
IM
P 
«- 
AT
P 
+ 
AD
P 
+ 
A
M
P
Ï1
'-r
pH  3 .0
A U M A N U t :  I N  K t  I t N  I I U N  VVI I I I p i  I Olhcr values 83mmol TEA,  1 ml/min, 3% M cOII
pH  5 .0
x
X
V.H
Imin
pH 6 .0
I
Page
p H  7 .0
V V
B
iS S ü C T ï ï ™  TEA c o n c e n tr a tio n
0 m M 33 m M 66 m M lO O m M
1mm
Fig 3.8 Effect of Changes in retention time with with A) pH of TEA buffer 
and B) concentration of TEA
Page 77
3.3 Comparative performance of the anion-exchange and triethylammonium 
systems.
A series of extracts were chromatographed by both the anion exchange 
and the TEA systems in order to compare the performance of the two 
separation modes towards real samples.
In a series of 6 red cell nucleotide extracts the mean number of peaks 
observed was 17 and 15 for the TEA and ion-exchange systems 
respectively. The major differences were in the numbers of peaks 
eluting with retention times of less than 5 minutes where on the TEA 
system most purine bases etc. elute. Figure 3.10A shows a typical 
result of the comparative test in which the same red cell extract 
sample was chromatographed under optimum conditions using both systems. 
For such non-ischaemic samples there was little difference in 
operational performance between the two systems.
With ischaemic samples when more purine bases and nucleosides should be 
present the chromatograms are more complex. An ischaemic prepartion 
from an animal tissue is one of the most complex and difficult 
separations possible. A similar series of 6 rabbit kidney samples which 
had been subjected to 5 minutes ischaemia gave a mean 22 peaks plus a 
number of others that were very small with the TEA system whilst the 
ion-exchange system gave a mean of 14 peaks. Fig 3.10B shows typical 
examples of ischaemic rabbit extracts using the two chromatographic 
systems.
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3.4 FINAL OPTIMISATION OF THE ANION EXCHANGE SYSTEM.
Having selected the anion exchange as the most suitable for the 
chromatography of nucleotides in the widest range of biological extracts 
it was necessary to optimise the system further in order to provide a 
robust, reliable and accurate analytical assay.
Minimising the baseline rise
Most commercial grades of XH^PO^ were found to contain impurities which 
give high uv absorption below 270nm and are also retained on anion 
exchange columns thereby causing a baseline after GDP and limiting the 
sensitivity of the system. Fig 3.11 shows the degree of baseline rise 
which occurred with good and bad gradient materials. Table 3.1 
indicates the magnitude of this problem and the affect of correct
selection of the source of the phosphate on diminishing the rise. The
table only indicates the overall rise in baseline and not the number of 
spurious peaks which could arise in different batches of buffer. The . 
lowest rise was obtained with ARISTAE, grade KH^PO^ but this is very 
expensive and the use an HPLC grade material although giving a slightly 
higher rise was more economical. KH^PO^ purified according to Shmukler 
(1970) gave the same baseline rise but also gave a number of spurious 
peaks presumably eluted from the ion exchange resins used in the 
clean-up. Although a phosphate gradient alone could be used to elute 
the APS-Hypersil column it was still useful in include to include KC1
in the high concentration buffer to further reduce the baseline rise.
The use of some other buffer salts was also investigated. In agreement 
with others (De Korte et al. 1985 and van Gennip, personal 
communication) ammonium dihydrogen phosphate was also satisfactory but 
offered no significant advantages over the potassium salt. Since 
ribonucleotides can complex with borate ions the use of borate buffers 
was investigated. Potassium borate buffers of equimolarity to the 
potassium phosphate system were prepared and the column equilibrated. 
Injecting a standard mixture of mono-, di-, and triphosphates of 
adenosine and guanosine produced no peaks. When monophosphates alone 
were injected and ;eluted with 0.5mol/l borate buffer pH 3 other than a 
frontal peak no elution occurred. Following re-equilibration with the 
standard phosphate gradient the same column performed as usual. Borate 
buffers would appear to incompatible with the present system.
Ï
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TABLE 3.1 Variation in baseline rise with composition of buffers [1] 
Source Grade Water Max. rise in baseline
(Absorbance) [2]
Merck Optipure distilled & deionised 0.016
A.R. distilled & deionised 0.015
May & Baker Proanalys distilled & deionised 0.019
BDH GPR distilled & deionised 0.021
A.R. distilled & deionised 0.035
Aristar distilled & deionised 0.004
Aristar distilled only 0.012
Aristar deionised only 0.010
HPLC distilled only 0.014
HPLC distilled & deionised 0.005
HiPerSolv distilled & deionised 0.006
Fisons HPLC distilled & deionised 0.006
HPLC distilled only 0.015
HPLC deionised only 0.008
HPLC [3] distilled & deionised 0.009
Shmukler [4] distilled & deionised 0.005
[1] The gradient used was has described in the methods. The same batch 
of KC1 was used in each high buffer except for [3].
[2] Absorbance rise measured between baseline at front of AMP peak and 
rear of ATP peak.
[3] KC1 replaced with an additional 0.4mol/l phosphate
[4] Purified according to Shmukler (1970)
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The quality of the water was extremely important. Only distilled water 
passed through a mixed bed deioniser immediately before use was 
satisfactory. Water collected into plastic containers gave rise to 
baseline artifacts. Since the first buffer was used at a rate over 
twice that of the second buffer it was important to make sufficient 
buffer so that no differences in water quality were observed. The best 
procedure was to first make 2000ml of the low concentration buffer and 
use part of this (400ml) to dissolve the salts for the second buffer. 
By this means sufficient of each buffer was prepared for approximately 
50 chromatograms with minimum baseline rise.
Conductivity
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Effect of Organic Modifiers
Addition of methanol to the initial buffer has been suggested as a 
means of suppressing non-ionic interactions with the column and thereby 
change the selectivity (Van Haastert 1987). MeOH could not be included 
in the final buffer since it caused precipitation of salts. Inclusion 
of upto 30% MeOH in the first buffer increased k' for NMPs until 
bunching appeared but there was some improvement in the resolution of 
IMP from GMP. No selectivity changes were observed. It was. concluded 
that for the most samples there was little benefit from including MeOH.
Gradient Form
Optimisation of the overall form of a gradient HPLC is complex and 
difficult and it is probably impossible to achieve anything other than 
the best compromise. Resolution depends not only on the gradient 
components and their effects on chromatographic efficiency but also 
many factors relating to the actual form of the gradient. These include 
gradient shape, mixing in the system, column length and the flow-rate.
A critical parameter appears to be the rate of change of gradient per 
unit column volume. The flowrate optimum (minumum on van Deempter 
plot) for Sum packings is Iml/min or 0.08cm /min. The effect of varying 
the flowrate on the separation of a standard nucleotide mixture while 
maintaining the same gradient and gradient time was investigated. Two 
observations were made. With reductions in flowrate ATP moved nearer 
the end of the run until at 0.7ml/min it was not possible to elute ATP 
or GTP. There was no change in column efficiency. Reducing the flowrate 
means that the molar quantity of high eluent passing down the column 
was also reduced such that insufficient counter ion concentrations were 
acheived to elute NTPs. This could be counteracted by increasing the 
concentration of the final buffer to elute NTPs but this increased the 
baseline rise. Higher flowrates did improve the resolution of IMP from 
GMP; Rs increased from 0.75 to 0.95 with an increase from 40 to 80ml/h. 
However the efficiency of the column when eluted isocratically varied 
in accordance theory and so the resolution improvements observed were 
therefore due to variations in the rate of change of the gradient. The 
use of non-linear gradients was briefly investigated but problems of 
scaling and reproducibility were encountered and it was better to 
continue with a simple linear gradient at Iml/min.
As they became available newer versions of the packing have been
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investigated. APS-Hypersil II, a 5um spherical silica with different 
bonding chemistries and a 3urn version of the original material. APS-II 
required a 10% increase in the concentration of phosphate in the final 
component of the gradient in order to maintain the same retention times 
as for APS-I. There was no clear change in selectivity and migration of 
NADP still occurred. However the increased buffer molarity did cause a 
corresponding rise in the baseline, which was detrimental. 3um 
APS-hypersil should theoretical offer improve column efficiency 
compared to Sum materials. For two 10cm columns packed with 3tint APS 
material the plates/column were 3777 and 4051. Neither of these values 
were significantly greater than the mean obtained for all columns 
packed with Sum material. As expected backpresure increased to 1000 psi 
at Iml/min. There was also a need to increase the molarity of the final 
buffer which again caused an increased baseline rise.
Chromatographic separation of nucleotides on APS-Hypersil 
Table 3.2 lists retention times on APS-Hypersil for a large number of 
nucleotides and related compounds under the final gradient conditions. 
Over 1-2 days and with the same batch of buffers R^s varied by < 3%.
The range of R^s for ATP (mean= 12.6min) was 0.57min over three days. 
Some of this variation was due to slight differences in starting the 
integrator. The good reproducibility for the retention times allowed 
the successful use of computer integration provided retention time 
details were entered daily. Retention time reproducibility, 
particularly for the early eluting peaks was also governed by the 
re-equilibration time. At least 6 min following the gradient's end was 
required to re-equilibrate the system when monitored by conductivity.
Over the longer term, however, retention times changed. As the column 
aged i.e. total number of gradients run and/or samples injected the 
average retention time decreased (Fig 3.12). This change was attributed 
to loss of ion-exchange capacity on the column and could not be 
reversed by cleaning the column with either a suitable cycle of organic 
solvents or washing with high molarity eluents. In order to maintain 
resolution it was necessary to decrease the molarity of the final 
buffer in order to delay the elution of the di- and tri-phosphates.
This action did not cause significant changes in either the selectivity 
of the column and could be repeated until the buffer concentration was 
approximately 60% of that originally employed.
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TABLE 3.2 Retention times with standard gradient system
Compound Retention time (min)
**
k' Rel. Rt
CMP 1.20 0.33 0 .289
dCMP 1.28 0.42 0 .308
AMP 1.58 0.75 0 .381
cCMP 1.62 0.80 0 .390
cAMP 2.00 1.22 0 .482
dAMP 2.13 1.24 0,.513
NAD 2.30 1.37 0..554
UMP 3.05 2.28 0..728
IMP 3.60 2.39 0..867
GMP 3.93 3.36 0,.947
4 -ocf. 3-if 0 •472
cUMP 4.05 3.50 0..975
cIMP 4.10 3.55 0..988
cXMP 4.15 3.61 1,.00
dIMP 4.27 3.74 1..03
CDP 5.22 4.80 1..26
dCDP 5.30 4.88 1 .28
ADP-ribose 5.32 4.91 1 .28
Adenylo-succinate 5.56 5.17 1,.34
UDPAG 5.60 5.22 1,.35
ADP 6.12 5.80 1,.47
OMP 6.17 5.85 1..48
NADP 6.23 5.92 1..50
UDPG 6.43 6.14 1..55
dADP 6.58 6.31 1,.58
UDP 7.12 6.91 1,.72
GDP 8.01 7.90 1..93
dcVbP 8\ 14 S'. 05 1
XDP 8.28 8.20 2 .00
UDPGA 8.45 8.38 2 .04
dIDP 9.00 9.00 2 .17
GTP 10.12 9.65 2.43
dCTP 10.27 10.24 2.47
ATP 11.20 11.44 2.70
UTP 12.40 12.77 2.99
dATP 12.55 12.94 3.02
GTP 12.90 13.33 3.11
dqrp iz. W 13 . m 3 3 . 13
XTP 13.08 13.53 3.15
dITP 14.05 14.61 3.38
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Table 3.2 continued
Some nucleosides and bases
Uric Acid
Cytosine
Adenosine
Adenine
Xanthosine
Xanthine
Hypoxanthine
Guanine
Guanosine
Orotidine
0.89
0.89
0.92
0.92
1.05
1.13
1.22
1.22
1.25
3.43
0
0
0.02
0.02
0.17
0.25
0.35
0.35
0.37
2.81
0.214
0.214
0.222
0.222
0.253
0.265
0.294
0.294
0.295
0.826
Other UV absorbing components
Tyrosine 
Tryptophan 
Ascorbic Acid 
Trichloroacetic Acid 
EDTA
1.12
1.15
1.35
3.01
5.50 & 7.3
0.25
0.28
0.50
0.270
0.277
0.325
2.34 0.563
5.1 & 7.1 1.33 & 1.76
* Retention time determined for APS-Hypersil using standard 
chromtographic system as detailed in methods section. 
Retention time mean of 4 determinations over one day.
** Calculated using a t  of 0.9 i.e. retention time for uric acid,
o
*** Relative time relative to cXMP, internal standard.
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3.5 DISCUSSION
A number of separation modes and mechanisms for the resolution of 
nucleotides and related compounds have been investigated in the studies 
reported here. Only two, anion-exchange and reversed-phase with 
ion-pairing can be considered useful for the resolution of complex
mixtures of nucleotides and possibly nucleosides and bases such as
occur in biological extracts although in less demanding situations 
others e.g. reversed phase may suffice.
The studies with weak anion-exchange materials based on amino-propyl 
bonded silica have shown that they offer high resolution which combined 
with an understanding of the role of pH in the separation led to the 
development of systems capable of the rapid separation of complex 
mixtures of standard nucleotides and nucleotides from acid extracts of
cells. I do not believe that any other published HPLC system for
nucleotides either using anion exchange or reversed phase systems have 
yet matched the performance of the anion exchange system developed here 
in its combination of speed and efficiency of the separation. Systems 
with apparently shorter analysis times have been published (Vydac 
literature) but these have always involved the operation at flow rates 
upto 3ml/min to reduce analysis time. The present system operates at 
the optimum flowrate (Iml/min) for the column packing i.e. the minimum 
on the van Deempter plot. Increasing the flow would give still shorter 
analysis times but with reduced efficiency and higher backpressure.
For anion exchange chromatography the Distribution coefficient (D) of 
an amphoteric analyte (NH) between the ion exchanger and a buffer 
solution containing a counter ion (An-) at constant temperature is 
given by
D — < AK. + A K.
<• i xec
where K. is the ion exchange interaction and K. is any non 
lec i
ion-exchange interaction such as hydrophobicity and ion-exclusion.
being 'a function of the selectivity of the packing (Kl), the 
counter ion concentration, Kn the formation constant of the acid NH 
and the H+ concentration such that
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x Kl
1 + Kn [ H’+ ]
The contribution of Kiec to the separation is dependent on buffer 
molarity and pH. Using high ion-strength buffers (above 0.5mol/l) van 
Haastert (1981) has shown for some cyclic nucleotides that a non-ion 
exchange component exists in their separation on Partisil SAX. No 
similar residual separation of nucleotides was found in this study.
There were differences in performance between the columns packings 
tested in the study. Compared to the pellicular system (Perrett 1976) 
using Sum APS-Hypersil it was necessary to increase the molarity of 
both starting and finishing buffers by approximately 5-fold to elute 
NTPs with reasonable efficiency and in a reasonable time. Using either 
APS-Hypersil II (which from 1987 is the only type available or 3urn 
APS-Hypersil required a further increase in the molarity of the buffers 
by approximately 10%. These differences can be explained by the 
increased numbers of amino-propyl groups bound to the packing surface 
or the amount of ion-exchange surface it was possible to pack into a 
standard 10cm column respectively. However with the mechanism of 
ion-exchange under the pH gradients used in this work there was no 
improvement in the resolving efficiency of either 3urn APS-Hypersil or 
Sum APS-Hypersil II over Sum APS-Hypersil although all materials were 
significant better than the earlier pellicular packings. The lack of 
improvement with the 3um material was surprising since a reduction in 
particle diameter from Sum to 3um should increase column efficiency by 
approximately 20%. A major disadvantage of these two packings was that 
the higher concentrations of phosphate in the eluent caused a 
concommitant rise in baseline.
From the above equation it is clear that the role of pH in the 
separation of nucleotides by anion-exchange HPLC is very important and 
it is surprising that it had not been fully investigated by other 
workers who on the whole have relied upon molarity changes alone to 
effect elution from the columns (see for example most studies by Brown 
et al 1976 to date, Brown, Newton and Shaw 1982, Reiss et al.1984, 
Nguyen et al. 1986, Burnette et al. 1983). In fact the natural pH of a 
solution of KH^PO^ is 4.3 which is a particularly poor choice with 
regards to the ionisation of bases and their chromatography. As has
A K iec
[A'
Page 90
been shown here the value of pH variations is not only with respect to 
changes in k' but most importantly with respect to variations in 
selectivity of the column and it was by careful choice of pH for both 
buffer components of the gradient that the resolving power of the 
column is best maximised. The exact mechanism by which pH does change 
selectivity is not entirely clear.
Ion exchange chromatography, particularly with gradient elution, is 
essentially a two step process whereby the sample is first 
electrostatically bonded to the anion exchanger and then eluted by 
breaking these bonds. Elution being effected either by increasing the 
ionic strength of the eluent thereby those anionic analytes with a 
lower charge density are eluted before those with a higher charge 
density or by decreasing the electrostatic forces between the packing 
and the analyte by adjusting the eluent pH towards the pi of the 
analyte. In the present procedure a combination of these two approaches 
has been found to be best. For APS-hypersil the ionic strength gradient 
certainly produces the gross separation of monophosphate from 
diphosphate and triphosphate nucleotides in order of their total 
charge. However the selectivity of the column is less easfcj to 
understand.
The overall charge on the nucleotides can be estimated from the sum of 
the pKa values of all ionisable goups on the molecule and the 
Henderson-Hasselbach equation
pH = pKa + log (1/«K-1) 
where acis the degree of dissociation of the individual groups
From theory it would be expected that the order of elution of any group 
of nucleotides i.e the monophosphates under pure ion-exchange 
conditions would reflect the variation in overall charge i.e. the 
phosphate charge +/- the degree of dissociation of the base at that pH. 
Bases are positively charged at pH<pKb, negatively charged at pH>pKa 
and neutral in between. Fig 3.2 and 3.3 shows the isocratic separation 
of a series of monophosphates, XMP, CMP, AMP, NAD, UMP, TMP, IMP, GMP 
at pH 3.0 with k's of 0.31, 0.69, 1.65, 2.16, 2.81, 3.48, 5.75, 7.45. 
Similar sequences are obtained with the diphosphate and triphosphates.
A plot of pKa against capacity factor shows no significant relationship
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between the expected degree of ionisation which at this pH would tend 
to reduce the overall -ve charge on the nucleotide and the retention 
time. Charge calculations indicate that separations at pH values 
between 4 and 6 would have little selectivity since all nucleotides 
would carry unit -ve charge although it is then interesting to note 
that those workers who have used phosphate buffers of natural pH have 
been able to achieve useable separations . In the extreme case at pH<3 
nucleotides of uridine and thymidine should elute after purine 
nucleotides since they have no +ve charge on their base ring at pH3.
The present findings clearly indicate that retention mechanisms other 
than ion-exchange are important in the selectivity of the amino-propyl 
column. Of particular importance may be surface si Iannis which remain 
uncapped on the anion-exchange silica and act as weak cation exchange 
sites, creating in effect a mixed ion exchange surface. Such cationic 
sites would tend to exclude the more negatively charged nucleotides 
such as UXPs. In fact the retention of UXPs which elute on this 
stationary phase between AXPs and GXP is quite anomalous. Since they 
should elute after GXPs. Other authors (such as Simmonds et al. 1988) 
have consistently reported UTP eluting before ATP using the 
APS-Hypersil, the only difference to the original method reported here 
is the use of longer columns and slightly differing pH values.
Cyclic nucleotides were retained longer than their respective linear 
nucleotides, the k' of cAMP and cCMP was approximately twice that of 
AMP or CMP although they possess the same charge (Table 3.2). This 
increase in retention is reflected in the relative hydrophobicities of 
the compounds on ODS materials when for AMP, adenine, adenosine and 
cAMP relative k' were 1, 10, 13.1 and 10 respectively at pH 7. Although 
the relative increase in k' was different between ion-exchange and RPLC 
the direction of change was the same. Brown and Grushka (1980) have 
suggested that the relative elution of pyrimidines, purines and cyclic 
nucleotides could in part be explained by the relative easy of either 
homogeneous or heterogenous base stacking in aqueous solutions. Such 
hydrogen bonding due to the presence of nitrogen atoms occurs only in 
aqueous solution not in organic solvents. Yet it is difficult to 
visualise how such interactions are of importance in the dynamic 
situation found in liquid chromatography. Nevertheless they were able 
to find a relationship between the equilibrium constants for the
f z
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stacking process and k' for the purine bases however uridine and
cytidine did not obey these findings.
The reasons for the importance of the pH of both solutions on the 
gradient separation are unclear but probably relate to the non-ionic 
binding mechanisms as well since only at very acid pHs is there no 
charge on the base ring. However at inappropriate pH and molarity 
values some of the problems may simply be due to the lack of buffering 
action of the phosphate such as was observed in the earlier experiment 
work when no resolution was achieved at pH 4.9 since the base rings 
were unionised. In part though the effect of the high buffer on the 
early eluting peaks results from poor re-equilibration of the column
prior to injecting the next sample. In this work the equilibration was
monitored by observing the fall in the conductivity of the eluate and 
inject was only made after a stable reading was obtained. This in fact 
was after 5 minutes, injection before this time resulted in loss of 
resolution of early eluting peaks. Reiss et al. (1983) also observed 
that with a lOum Partisil SAX 8 x 100mm column the resolution of both 
the mono- and triphosphates was very sensitive to the pH of buffer B 
such that increasing the pH from 4.75 to 5.00 resulted in loss of 
resolution of the monophosphates. They did not comment on whether 
re-equilibration had been acheived, they used 4min at 5ml/min.
It is interesting that the final pH selected in this study is almost 
the same as that found to be necessary by Cohn in his classic work of 
1950. He obtained the best separation of the ribonucleotides from 
nucleic acids on a column of Dowex-1 (Cl ) with 2-3mmol/l HC1 ( pH
2.7). However nearly 40 years later and although studies are both more 
detailed and substantially faster it is still not possible to 
completely rationalise the retention behaviour of purines and 
pyrimidines nucleotides on ion-exchange columns based solely on their 
structure and physicochemical properties.
As described in the introduction charged molecules such as nucleotides 
are poor candidates for separation by RP-HPLC and the studies reported 
here have concentrated on two ion-pairing systems tetrabutylammonium 
salts and triethylammonium salts. Initial studies were directed at 
duplicating and hopefully improving the methods of Hoffman and Liao 
(1977) with a view to applying that system to biological extracts.
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Detailed studies using TEA were made with isocratic separations (Figs
3.8). The order of elution of the nucleotides and the effect of pH and 
methanol concentration on the retention time data for the nucleotides 
was very similar to that reported by Perrone and Brown (1984).
Retention of the ion-pairs was maximal at ca. pH 5.7 when the elution 
order of the mono-< di- <triphosphate nucleotides was the same as fon 
an anion exchanger. Additionally the nucleotide-ion-pairs behave like 
their corresponding nucleosides and bases on a RP-column and exhibit an 
elution order of C<U<G<I<A<T.
There was a major difference in the TEA concentration required to 
achieve a steady state with regards to minimum changes in the retention 
times of the nucleotides in the present study and the studies of other 
workers. The optimum TEA concentration has been reported to be 25mmol/l 
(Hoffman and Liao 1977, Kremmer et al. 1987), 7.5mmol/l (Hammer et al. 
1988), 2mmol/l (Pimenov et al. 1986), 0.3mmol/l (Ingebretsen et al. 
1982), lOmmol/1 (Altex trade literature). In the present study using 
ODS-Hypersil the same resolution was achieved at only 0.lmmol/1 TEA. 
Such large differences in performance are difficult to explain on the 
dynamic ion-pair model for retention since the pairing of the 
nucleotides to the TEA is occurring in solution and, provided the 
packing materials are of reasonably the same hydrophobicity, the 
retention time/TEA concentration relationship should be relatively 
un-affected by the type of stationary phase. The alternative models of 
dynamic ion-exchange mechanism or a paired ion both involve surface 
modification of the ODS-packing to produce dynamic ion-exchanger. Such 
adsorption models better fit the changes in k' found in the present 
studies. Firstly it was essential to equilibrate the column with TEA 
before use either pumping the normal column eluent overnight before use 
or by pumping a high concentration for 30min prior to equilibrating 
with the normal eluent. It was also found during other studies not 
reported in detail here that the TEA adsorption onto the silica 
irreversibly and although the majority could be washed off with 100% 
methanol sufficient remained to have changed the hydrophobicity of the 
ODS. It was found that such changes could be induced by the injection 
of as little as lumol of TEA onto a 10cm ODS-column.
Surface modifying ion-pairs such TEA could therefore be satisfactorily 
employed to isocratically resolve relatively simple mixtures of
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nucleotides including derivatised nucleotides as reported in this 
thesis. However it was found to be almost impossible to transfer these 
isocratic studies to a practical gradient elution system. Although a 
gradient separation (0-20% MeOH and 10mmol/l TEA) could be demonstrated 
it was found to give very poor retention reproducibility particularly 
for the most retained compounds such as ATP. Kremmer et al. (1987) in 
their comparative study of ion-exchange and reversed-phase ion-paired 
chromatography for nucleotides separated 9 nucleotides on ODS-hypersil 
with an isocratic system employing TEA but did not use it in a gradient 
mode. They gave no explanation. Using TEA and pbondapak columns Brown 
et al. (1982) reported a gradient separation but continued to use 
anion-exchange for their detailed publications (Williams et al 1987). 
Both the present review of the literature and that done for a study of 
nucleotide levels (Perrett 1987) some 12 methodological papers usêdy 
TEA but of over 50 quantitative studies only one (Payne and Ames 1981) 
had used gradient elution and TEA rather than anion-exchange HPLC.
The difficulties with TEA and gradient elution may relate to the 
mechanism of the ion-pair's adsorption on to the ODS. This equilibrium 
is dependent on the organic component of the eluent and the ion-pairing 
agent's distribution will vary not only with the % organic during the 
gradient but also with the time allowed for re-equilibration at the end 
of the run. These variables will change the elution times in the manner 
observed when surface modifying ion-pairs are employed. Maintaining an 
apparently constant TEA concentration (i.e. the same TEA concentration 
in both A and B buffers) still did not prevent retention time 
variations.
Triethylammonium ions do not appear to adsorb onto ODS-hypersil and 
good retention time reproducibility was easily obtained even with 
gradient elution. Triethylammonium ion with either an acetonitrile or 
Mg(II) gradient was first employed to separate nucleotides by Folley et 
al (1983). Later Mahoney and Yount (1984) used it has a volatile buffer 
in preparative separations of nucleotides. A further investigation 
using a TEA/MeOH gradient was reported by Willis, Lim and Peters 
(1986). The results reported in the present work are in agreement with 
those of Willis et al. However an additional complexity that results 
from the separation of nucleotides on RP-LC systems has been 
demonstrated. Ion-pairing of nucleotides does not affect the reversed
- O '
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phase chromatography of nucleosides and bases and it was necessary to 
adjust the chromatography to not only resolve the nucleotides but also 
the nucleosides and bases. In many samples such as ischaemic tissue 
extracts it has not proved possible to achieve 100% resolution of all 
compounds of interest whilst in simpler samples this double interaction 
allowing simultaneous separations may prove of particular value.
Considering that there are two potentially useful systems for the 
quantification of nucleotides few authors have deliberately compared 
optimised versions of the two. Workers have generally opted for one 
method or the other and when both have been employed one has generally 
been used to complement the other for instance with regard to the 
resolution of a difficult peak pair. Brown et al. (1982) evaluated 
gradient ion-exchange and ion-suppressed RPLC and isocratic RPLC plus 
PIC A for the quantification of liver nucleotide pools but this study 
was a simple report on the optimum separation conditions. In fact the 
detailed report (Williams et al.1987) of their work on liver 
nucleotides used solely ion-exchange HPLC. In a study of tumour cell 
nucleotides Kremmer et al. (1987) purportedly compared ion-exchange and 
ion-paired LC but the comparison is rather superficial. A 5cm column of 
Polyanion SI HR 5/5 (a weak silica anion exchanger coated with 
polyethylenmine) was compared with a 25cm of ODS-Hypersil and a 20cm 
column of minoRPC (a mixed c2/cl8 packing) both gradient eluted in the 
presence of TEA. Once again though the paper presents detailed 
optimisation of the resolution of standard materials but not a single 
real sample ! They conclude that r. ' neither system would resolve all 
test compounds but they did not consider the difficulties caused by the 
retention of nucleosides and bases by ion-paired RPLC.
The present study therefore appears to be unique in actually comparing 
the two modes using both standards and actual samples. The optimised 
systems that were compared used the same base material, Hypersil, 
either APS or ODS modified were the optimised elution conditions 
already described. With samples containing mainly nucleotides there was 
little difference in the numberof peaks resolved by the two systems 
however in samples where nucleoside and base levels might be increased 
such as in ischaemia then the TEA system resolved 50% more components. 
However the major peaks were the same in the two systems and the 
differences were in the numbers of minor components which are
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presumably degradation products and would therefore frontally elute on 
the anion-exchange column. The RPLC system could therefore be employed 
to give maximum resolution of peaks but with some difficulties with 
respect to peak assignment. It could though be adapted for studies on 
the inter-related metabolism of nucleosides and nucleotides. Definitive 
peak identification and more accurate quantification was easier with 
the anion exchange system since nucleosides and bases, in general, do 
not interfere with the nucleotides although oritidine is an exception 
being retained on the column (Table 3.2, Davis et al 1987).
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CHAPTER 4. DETECTION TECHNIQUES FOR NUCLEOTIDES AND RELATED COMPOUNDS.
4.1 ULTRA-VIOLET ABSORPTION
Nucleotides, nucleosides and bases absorb strongly in the region of the 
spectrum between 240 and 280nm. The uv spectra for a representative 
group of structures were shown in Fig 1.7. The spectral bands for the 
majority of the purine and pyrimidine compounds are relatively broad 
and detection at 254nm (253. 7nm with a Hg lamp) has been the standard 
approach. With the variable wavelength detector employed in this study 
it was possible to monitor at the wavelength of maximum absorption for 
any particular nucleotide in order to obtain maximum sensitivity and 
possibly selectivity. I have continued to use 254nm for general 
.detection purposes since it is a good compromise wavelength for the 
nucleotides found in biological extracts. Only cytidine derivatives 
gave poor sensitivity since absorption at 254nm is only 28% of that at 
280nm nearer the absorption maximum. Uric acid (absorption max= 292nm) 
and some purine based drugs (e.g. 6-mercaptopurine absorption max= 
333nm) also absorbs maximally at wavelengths significantly away from 
254nm. However in the majority of studies these compounds will not be 
unknowingly encountered.
Although the extinction coefficient for the majority of nucleotides are 
high (e.g Emax adenosine = 15400 at 259nm pH 7.0) the maximum 
sensitivity that could be achieved with the present chromatography 
system using uv detection was found to be approximately 10 pmoles 
injected for any isocratic system. Fig 4.1a shows the separation of 
60pmoles of each of the guanosine nucleotides. At a signal to noise 
(S/N) ratio of 2 the maximum sensitivity was calculated to be 6 pmoles 
injected for GTP. With gradient elution the limit on sensitivity was 
the baseline rise. Fig 4.1b shows that as the sensitivity of the 
detector was increased the baseline rise became more pronounced, 
spurious peaks occurred and the achievable sensitivity decreased 
approximately 3-fold. Nevertheless this level of sensitivity proved 
sufficient for the quantitation of the majority of nucleotides 
encountered in the biological studies undertaken here.
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COLUMN 4.6 x lOOmn APS-llyporsil 5un 
ELUENT 0.08mol/l KU ^O ^ pU2.8 
FLOW 1 ml/min
min
o
4.1 Limitations to maximum sensitivity UV detection of nucleotides 
following anion-exchange HPLC for A) isocratic elution AOpmole 
cGMP and cAMP injected and b) gradient elution 200pmole each 
nucleotide injected (- ■
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Although uv detection at 254nm is universal for most nucleotides and 
related compounds and permits the detection of a large number of peaks 
in most biological extracts it is not without problems. A highly- 
populated chromatogram with a large numbers of peaks was demanding on 
the chromatography causing slow chromatography and/or gradient elution. 
Secondly the difficulties of confirming the identity and homogeneity of 
each peak was compounded. Thirdly the difficulty of quantitatively 
analysing for individual nucleotides given the wide range of 
concentrations present in biological extracts.
The problems of homogeneity of peaks and their positive identification 
can be overcome in part by determining peak areas at a number of 
different wavelengths and comparing the the wavelength ratios against 
standard. See chapter 5 for a discussion of this point. The other 
problems, sensitivity and selectivity, are less easy to overcome. Some 
nucleotides are present at levels below the levels of detection 
possible with uv detection e.g. cyclic nucleotides in plasma and 
deoxynucleotides in normal tissue extracts. In both these cases 
sub-picomolar sensitivities are necessary and such sensitivity can only 
be achieved using other detection principles.
4.2 ELECTROCHEMICAL DETECTION
Background : A number of lines of evidence point to the potential 
usefulness of electrochemical detection for purines and related 
compounds. In an early study Varadi et al. (1974) monitored the eluate 
from a Sephadex G-10 column with a home made voltammetric detector with 
a silicone rubber-based graphite electrode. They demonstrated the 
separation and detection of four bases (hypoxanthine, xanthine, guanine 
and adenine) and also observed that GMP was also electroactive. By HPLC 
standards the sensitivity, 1-6 nmoles injected, was very poor being 
significantly less than that of the available UV detectors, which 
probably contributed to their work being completely overlooked.
With the development of EC detectors specifically for LC use, EC has 
been used to quantify a number of purine bases following hplc. The 
first study, using modern EC detectors by Pachla and Kissinger (1975) 
who determined uric acid in serum at a oxidation potential of +0. 8V v. 
Ag/AgCl reference electrode following cation exchange chromatography.
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In a proposed selected method for Clinical Chemistry (Pachla et al. 
1979) the assay was further refined, particularly by operating at a 
more selective' working potential (+0.65V). The proposed method was 
shown to be rapid, sensitive and have excellent reproducibility. The 
correlation with both enzymatic assays and the phosphotungstic 
colorimetric assay was excellent. The method has been adapted to RPLC 
by Iriyama et al. (1983) and for rat serum by Iwamoto et al. (1983). 
These same workers (Iriyama et al. 1986) subsequently modified the 
method to assay levels of both uric acid and ascorbic acid in extracts 
of brain tissue. A detailed review of the determination of urate 
including HPLC-EC has appeared (Pachla et al. 1986). Assays of 
theophylline and caffeine, both structurally related to purines using 
HPLC-EC have been described (Lewis & Johnson 1978).
Electrochemical detection is a chemical reaction and is dependent on a 
many variables 6.g. pH, buffer salts, electrode surface effects and 
temperature as well as the applied working potential. The design and 
material of the working electrode can also change the analytical 
parameters. Investigating the use of electrochemical detection with so 
many different combinations of variables for measuring purines etc. in 
chromatographic eluates and since the chromatography and the EC 
response would change with such variations, investigations using a 
chromatographic system would be misleading. The amount of time 
required for a comprehensive study would also be excessive. This 
situation was considered to lend itself to the use of flow injection 
principles (FIA) which permits rapid changing of analytical conditions 
than chromatography and the response is independent of retention 
changes. The use of HPLC equipment for the evaluation of 
electrochemical methods by FIA has been described (Perrett, 1984).
Flow injection analysis studies of purine electrochemistry.
The flow injection equipment for electrochemical detection consisted of 
the standard HPLC system but with the column replaced with a drilled 
through swagelock union. A schematic representation of the flow 
injection system is shown in Fig 4.2. There was now only approx. 50psi 
backpressure in the system and it was essential to employ a pulse - free 
or well-damped pumping system. Using an ACS 300/01 pump delivering 
0.5ml/min it was possible to achieve a stable baseline with the 
electrochemical detector at lOnA f.s.d. A Rheodyne injector with a 20ul
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loop was employed to deliver the samples into the flowstrearn. All 
samples were dissolved in or diluted in column eluent to minimise 
baseline disturbances. In general the amount injected was such that the 
peak height obtained was approx. 75% fsd and for moderately 
electroactive compounds such as adenine, 200umole was injected. The 
damping on the recorder was adjusted to a minimum in order to achieve 
90% fsd. without attenuating the peak height. An EDT LCA 15 EC 
detector was used with BAS thin layer flowcell. This arrangement was 
chosen because the EDT detector was more readily zeroed but the BAS 
flowcell system allowed a variety of different electrode materials to 
be tested.
Effect of pH on electrochemical response.
Using FIA the effect of changing the pH of the mobile phase buffer on 
the response of a glassy carbon working electrode at a relatively high 
potential to ensure electroactivity was investigated. Using 0.05mol/l 
phosphate buffers a series of eluents of varying pH from 2 to 9 was 
constructed. The working potential was maintained at +1.1V v. Ag/AgCl 
and standard injections of various nucleotides, nucleosides and bases 
were made. The amount injected was varied to give an on-scale reading.
Peak height versus eluent pH curves for a number of tested compounds 
are shown in fig 4.3. Because of the wide differences in response 
observed the values are corrected to be equivalent to 20nmol injected 
at luA detector output. Guanine and xanthine were electroactive over a 
wide pH range whereas other compounds showed both marked pH 
responsiveness and lower sensitivities. Maximum pH response in general 
occurred between pH 5 and 7.
Effect of applied potential on electrochemical response 
Using the above data voltammograms were constructed by varying the 
applied potential using FIA at two pH values (4 and 7) . Representative 
results corrected to a standard response are shown in fig 4.4. The data 
points are the mean of two values one obtained whilst sequentially 
increasing the voltage and one obtained during reducing the voltage.
For all compounds peak height increased with increasing applied 
potential at both pH values. For the majority the voltammogram obtained 
at pH 7 fell below that obtained at pH 4. The use of relatively low 
potentials i.e. <+1.0V was specific for guanine and related compounds.
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Schematic representation of the flow injection system for the 
study of electrochemistry response of purines etc.
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4.3 Effect of pH on voltammogram for some typical nucleic derivatives
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Effect of working electrode material on electrochemical response.
For a number of electrochemically active species the specificity and,
i
in some cases the working potential and thereby the sensitivity is 
dependent on the nature of the working electrode. Using the BAS thin 
layer cell it was possible to change the bottom half giving working 
electrodes of different materials. Using FIA the voltammograms of a 
selection of different compounds including guanine, GMP, adenine and 
adenosine were constructed at platinum, gold, glassy-carbon, carbon 
paste and silver working electrodes. The pH of the phosphate buffer was 
maintained at 7 throughout.
The results, expressed to a standard factor, for some representative 
guanosine compounds are shown in Fig 4.5. The carbon paste and silver 
electrodes performed unsatisfactorially. It was difficult to produce 
sensitive and stable carbon paste electrodes to use at working 
potentials above IV. The silver electrode was tarnished and the 
sensitivity decreased rapidly so negating the results. All the 
compounds were tested at gold, glassy-carbon and platinum electrodes. 
For guanine the electrode response was marginally greater at the glassy 
carbon electrode than the platinum electrode but the maximum potential 
was increased by approx. 0.2V. Significantly lower responses were 
observed at the gold electrode. For nucleotides the platinum electrode 
was slightly more sensitive than the glassy-carbon electrode but again 
the gold was significantly, less sensitive.
Survey of the electrochemical activity of a range of nucleotides, 
nucleosides and bases.
Utilising the above information but employing only a glassy carbon 
electrode maintained at +1.1V and eluent pH values of 4,7 and 9 the 
electrochemical activity of a large number of nucleotides, nucleosides, 
bases and other compounds likely to occur in biological extracts was 
semi-quantitatively surveyed.
The results are given in Table 4.1. The qualitative nature of the 
investigation was due to lack of suitable standards for some of the 
compounds and the gradual loss of activity at the electrode, which 
probably resulted from relatively high concentrations of compounds 
and/or their oxidation products coating the electrode surface.
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Table 4
1 Electrochemical responses of some representative purines at pH 4, 
7, 9 studied by FIA.
pH BASE NUCLEC
ADENINE 4 * *
7 ** **
9 ** **
GUANINE 4 *** *
7 *** *
9 *** *
XANTHINE 4 ** *
7 ** *
9 ** *
URACIL 4 * o
7 * 0
9. * 0
HYPOXANTHINE 4 *
7 **
9 ** _
CYTOSINE 4
7 -
9 - -
THYMINE 4 0
7 0
9 0 -
URIC ACID 4 ***
7 ***
9 **
*** strong** moderate* weak
- no
0 not tested
NMP NDP NTP cNMP
**
**
*
**
**
*
electrochemical
**
**
*
**
**
*
o
o
0
0
0
0
* *
**
*
**
**
*
activity
T..........................T  y-r auiveyeu oy now injection analysis using a EDT LCA^
elemrodeeqUipp Wlth a §lassy carbon working electrode and Ag/AgCl reference
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Of the compounds tested the most electroactive ■ 1 -■ were those 
related to guanine and xanthine. For these two bases all groups of 
derivatives i.e. nucleosides, nucleotides, cyclic nucleotides were 
strongly electro-oxidisable. Hypoxanthine and uric acid were also 
readily oxidised. Data suggesting that the easg of oxidation was 
dependent on the degree of prior oxidation of the purine ring since the 
urate had a lower voltage maximum than xanthine which in turn was below 
that of hypoxanthine. Inosine ribonucleotides were not electroactive. 
Adenine and adenosine were moderately electroactive at this potential 
but its derivatives were not.
Use of electrochemical detection for the monitoring of column eluates. 
It was clear that a larger number of nucleosides and nucleotides and 
their bases are electroactive in the oxidative mode than was previously 
believed. EC detection could be considered as a suitable method of 
detection in HPLC with useful characteristics with regards to 
specificity. The areas of application though of electrochemical 
detectors are restricted. Although they can be employed with reversed 
phase systems they are not compatible with the salt gradient used in 
the anion -exchange system for nucleotides already developed. For the 
present studies the isocratic ion-paired reversed phase system 
previously developed was employed.
Linearity of electrochemical response
Fig 4.6 shows the increase in peak area with increasing amounts of 
nucleotides or related compounds injected. The glassy carbon electrode 
was maintained at 1.2V v Ag/AgCl and the column eluted at pH7. The 
response was linear over the range 50 nmol/1 to 1 umol/1. The response 
was linear over at least two orders of magnitude for most of the 
compounds tested. There were marked differences in sensitivity. Table
4.2 summarises the maximum sensitivity found for the test compounds and 
the optimal detection conditions at a glassy carbon electode. However, 
as with all EC detection methods the condition of the electrode could 
change both the optimal conditions and the sensitivity achievable.
Under the highest obtainable sensitivity for guanosine nucleotides 
(+1.2V v Ag/AgCl pH 7.0) the minimum detectable amounts (S/N = 2) were 
43fmol, 266fmol, 926fmol for GMP, GDP and GTP respectively.
Corresponding figures for guanine and guanosine were 32fmol and 60fmol 
respectively. Maximum sensitivity towards other nucleotides was lower.
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Table 4.2 Comparative sensitivity of UV and electrochemical detection
Max. ECD sensitivity ECD/UV ratio
Nucleotides, etc.
Guanine 60 49.3 1
Guanosine 43 32.9
deoxyguanosine 320 7.2
cGMP 67 33.0
GMP 43 49.5
GDP 266 15.1
GTP 926 10.2
deoxyGTP 50000 2.5
8 OH-deoxyguanos ine 52 50
Adenine 79 315
Adenosine ** **
cAMP * 0
AMP * 0
ADP * 0
ATP * 0
8-OH-adenine 30 911
Hypoxanthine 520 17
Xanthine 42 860
Inosine ** 0
Uric Acid 267 625 [1]
Xanthosine 416 282
XMP 380 35.7
XDP 550 12
XTP 776 8
Uracil * 0
Thymidine * 0
Orotic Acid * 0
6-Mercaptopurine 50 [2]
Miscellaneous retained electroactive compounds
Ascorbic Acid 42 171
GSH 455 548
Tryptophan 55 1650 [3]
* Not electrochemically active under test conditions 
** only slight electrochemical activity
[1] absorption maximum 292nm
[2] " " 332nm
[3] " " 279nm
Reproducibility of electrochemical detection system 
Short-term reproducibility of the GC electrode was determined by 
repeated manual injections of a standard solution of GMP (50pmol/20ul). 
1 cv. of the integrated area (n=10) was 2.4%. For the GTP peak of a 
TCA extract of red cells (20ul injection) the equivalent measurement 
was 2.9%. Short-term reproducibility was considered acceptable.
Reproducibility of peak heights and areas was affected by longer term 
changes in the surface of the glassy carbon electrode such that a 1-2% 
decline in area of standard peaks could be observed during a working 
day. Occasionally this decline would become precipitous indicating the 
need to repolish the electrode surface. Whether such changes in 
sensitivity were due to electrode poisoning by samples or by the 
presence of ion-pairing agents or both was not clear since similar 
changes also occur with the determination of the bases when ion-pairing 
agents were not present but these changes were on the whole slower.
Series dual UV-electrochemical detection system.
For the dual detector studies the apparatus was.assembled as described 
under methods with the EDT jet wall flow cell with a glassy carbon 
electrode preceding the UV detector the outputs going to a 2-pen 
recorder. The eluate from an ODS-Hypersil column eluted with pH 7 
phosphate buffer containing TBA as the ion pair was passed into the 
dual detector system. Initial experiments were designed to test the 
differences in sensitivity and selectivity of the two detectors. With 
the glassy carbon working electrode maintained at +1.2V v Ag/AgCl and 
set at minimum sensitivity 3uA fsd it was necessary to run the UV 
detector adjusted to 254nm at maximum sensitivity 0.005A in order to 
have comparable responses for the most electroactive compounds.
Fig 4.7a shows dual-detection of a standard mixture. For suitable 
compounds such as GMP the electrochemical detector is significantly 
more sensitive and the variation in response to other nucleotides shows 
a higher selectivity. To quantify that difference in response a number 
of nucleotides, nucleosides and bases were chromatographed at 
appropriate concentrations such that both UV and ECD peaks were on 
scale. Table 4.4 presents this comparative data expressed as a peak 
height ratio under calculated standard conditions Fig 4.7b shows the 
application of the dual detector system to a biological extract.
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Fig.4.7 Dual detection with EC and UV detectors in series following
IP-RPLC with TBA. Other conditions as per methods, a) Standard 
mixture of nucleotides etc. and b) ischdémic kidney extract.
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4.3. FLUORESCENT DETECTION
Over the pH range (2-7) which is associated with column eluates the 
major purine bases etc. do not fluoresce. The only naturally 
fluorescent compound found in most cell extracts is an amino-acid 
tryptophan (ex 280nm, em 360nm) (Krstulovic et al. 1977). Using a post 
column reactor to adjust the pH of the eluate to either pH 1-2 or pH 
10-12 an increased number of purines and pyrimidines fluoresce (Assenza 
and Brown 1984). Some methyl guanines, such as 0^-methyl guanine can 
be determined at pmole levels with 278nm (excitation) and 365nm 
(emission) under pH conditions compatible with normal column eluates 
(pH2-5) (unpublished observations).
Fluorescent derivatisation is an accepted way to increase both 
sensitivity and specificity. A number of researchers have employed 
derivatisation via any reactive group attached to the ring for the 
determination of suitable purine based drugs. Direct derivatisation of 
the purine or pyrimidine ring would yield a more useful procedure but 
to date no general reagent has been described.
Derivatives of adenine and cytidine compounds can be formed by reaction 
with haloacetaldehydes. The products, 1,N^-etheno derivatives, are 
highly fluorescent (Kochetkov et al. 1971). The reaction (fig 4.8) of 
adenosine with chloroacetaldehyde was characterised by Barrio et al. 
(1972, Secrist et al. 1972). Derivatisation conditions were reported as 
pH 6, and 100°C for 30min. The corrected spectral data was reported to 
be maximum excitation at 308nm with maximal emission at ca.415nm. Since 
the reaction involves only the amino group at the 6 position and the 
nitrogen at the 2 position the formation of derivatives will occur not 
only with adenine but also with adenosine and any ribo- or 
deoxyribo-nucleotides of adenosine. The biological activity of the 
parent compound is highly conserved in the derivatives.
RR
X = Cl, Br
R = H, ribose, deoxyribose etc.
.4.8 Reaction of haloacetaldehydes with adenine containing compounds
These characteristics suggest the reaction to be useful for both pre- 
and post-column fluorescent detection of adenosine nucleotides as well 
as adenosine and adenine. Following pre-column derivatisation of 
standard mixtures, Yoshioka & Tamura (1976) separated the fluorescent 
derivatives of adenine, adenosine, AMP and cAMP by anion exchange 
chromatography. Kuttesch et al. (1978) and later Jacobson et al.
(1983) quantified adenosine in physiological fluids by RPLC of the 
l,N6-etheno adenosine. Wojcik et al. (1981) were able to determine 
cAMP directly in plasma. This is not normally achievable because of its 
low concentration and the low specificity of uv detection. Such 
applications demonstrated both the sensitivity of the procedure 
(<0.Spmoles) and the specificity of the reaction which formed 
derivatives only with adenine related compounds. Following the 
introduction of improved HPLC column packings the feasibility of 
resolving the l,N^-etheno derivatives of the adenosine nucleotides by 
RPLC was studied. Preston (1983) derivatised with chloroacetaldehyde 
and partially resolved the products on an ODS column.
Since derivatisation does not affect the side chains l,N^-etheno 
nucleotides remain highly polar and their resolution by RPLC is 
unsatisfactory. Combining the ion-pair systems developed earlier with 
derivatisation suggests that a high sensitivity assay for nucleotides 
could be developed. This section examines some of the chromatographic 
variables such as pH, ion-pair and methanol concentrations required for 
such a separation and investigates the reaction conditions.
Chemical procedures.
Optimised procedures for the formation of the l,N^-etheno derivatives 
are described in the methods section.
Fluorescent spectral characteristics of e-derivatives.
The excitation spectrum, determined by repeated 2Oui (lOOpmol) 
injections of a solution containing of e-adenosine is shown (Fig 4.9). 
With a deuterium lamp (Kratos FS970 detector) the excitation maximum 
was 232nm. This uncorrected value is considerably lower than that 
reported by other workers using different detectors. Most have used 
wavelengths of ca 280nm which give only 7% of the response obtained at 
212nm. Unfortunately for high sensitivity analyses this increased 
response is not maintained. Only a slight (20%) increase in
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sensitivity was found at 232nm when 5pmol of e-adenosine was repeatedly 
injected at the maximum sensitivity that could be backed-off by the 
fluorimeter at each wavelength (Fig 4.9). Of the available emission 
filters the 389nm pass filter gave the best response. The other broad 
band cut-off filters >370nm, >420nm gave 93% and 29% respectively of 
the response acheived with the 389 filter. The detection limit of a 
Xenon lamp fluorimeter (Shimadzu RF535) at optimum wavelenghts was 
approximately 80% that of the deuterium lamp.
Chromatographic separation of N^-etheno derivatives
Using an ODS-Hypersil 4.6 x 100mm column the ion-pair concentration, 
methanol concentration and buffer ionic strength and pH were 
systematically varied while holding the other three variables constant 
at near their optimum value.
The changes in retention with variations in the concentration of TBAHS 
and pH are shown in Figures 4.10 and 4.11 respectively. Increasing the 
TBA concentration increased the retention time of the e- derivatives. 
Optimum retention of the e-nucleotides relative to the nucleosides and 
bases was at 0.2-0.3mmol TBAHS/I. When the eluent pH was 5.5. a maxima 
occurred in the retention times of the e-etheno derivatives. Increasing 
the methanol concentration reduced the retention times in an linear 
manner as expected but did not significantly change the selectivity.
The molarity of the buffer had little effect. The inclusion of EDTA in 
the eluent improved column performance and reduced retention times by 
approximately 5%. This improvement was probably due to reduced metal 
chelation by the nucleotide side chain.
Relative Retention data.
Using the optimal buffer composition the retention characteristics of a 
number of 6-amino-purines were determined and are given in Table 4.3. 
Fig 4.12 shows a typical standard chromatogram obtained by injecting a 
mixture of e-compounds equivalent to approximately 25pmol of each 
derivative. The impurity peak at 6.8 min (see fig 4.15) was present in 
most samples. The size of this peak and the frontal peaks increased 
with the age of the chloroacetaldehyde solution and when a large excess 
of chloroacetaldehyde was employed. The use of fresh reagent at a 10% 
dilution minimised the size of this peak.
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>389ran pass emission f i l t e r  
C— 3 at constant s e n s itiv ity  
•  at maximum s e n s itiv ity
Fig 4.10 here
§
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Fig.4.9 Excitation spectra of 1-N etheno adenosine in Kratos FS 970 
fluorimeter with deuterium lamp. Maximum sensitivity curve 
obtained by measuring peak of 5pmol injection at maximum 
sensitivity of detector.
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Fig.4.10 Variation in k' for a mixture of e-derivatives on Sum
ODS-Hypersil. Conditions as in Methods except TBAHS concentration 
variable
Fig.4.11 Variation in k' for a mixture of e-derivatives. Conditions as 
4.10 except pH variable.
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Table 4.3. Retention Data for 1-N -etheno-adenine compounds 
Original compound k'
AMP 3.14
ADP 4.09
ATP 7.09
Adenine 2.99
Adenosine 4.84
2-methyl adenine 11.57
cAMP 18.56
NADP 3.40
deoxyAMP 5.08
deoxyADP 8.46
deoxyATP 13.4
deoxyAdenos ine 6.43
Tubercidin 10.15
Chromatographic conditions as per the method
Fig 4.12 here
w
CÙ
r  r  1 I------------------- 1
15 10 min 5 0
Fig.4.12 Standard chromatogram showing ion paired RP-LC of a mixture of 
e-denvatives of adenine compounds. A l l  peaks initially 25pmol 
injected except dATP 50pmol and adenosine and deoxyadenosine 
12.5pmol.
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Optimisation of the derivatisation reaction condition 
The optimum pH for the reaction was determined by incubating an 
equimolar mixture of adenosine, ATP, ADP and AMP in buffers of varying 
pH for 30min. Because of hydrolysis the yield was expressed 'as the sum 
of the integrator peak areas. Maximum yield of fluorophore occurred at 
pH5.5. With increasing pH the solutions became intensely yellow and on 
standing a fine black precipitate could form.
Nucleotides, particularly NTPs, are readily hydrolysed at acid pH and 
elevated temperatures. To determine the degree of hydrolysis during 
derivatisation the % destruction of ATP at various pH's and time 
courses was studied. Figure 4.13 shows the relationship between the 
time at 95°C and the composition of the final reaction mixture for ATP. 
By anion exchange HPLC the stock ATP was found to contain trace levels 
of both ADP and AMP. ATP was over 50% hydrolysed in all buffers after 
45 minutes. A reasonable compromise between yield and hydrolysis was 
achieved by using pH 6.0 at 95°C for 10 minutes. The ionic composition 
of the buffer also affected both the fluorescence yield and the 
hydrolysis (Table 4.4). Incorporation of EDTA into the buffer increased 
the yield, gave a more uniform yield with all buffers and approximately 
halved hydrolysis particularly for the acetate buffer. Since acetate 
also gave the smallest frontal peak, it was chosen for the final 
derivatisation buffer. Etheno-nucleotides were stable in solution at 
room temperature for at least a week without further hydrolysis.
Linearity and sensitivity
Using the above derivatisation and chromatography conditions responses 
for test compounds were linear over the range 1- 500pmol injected . 
Typical standard curves are shown in Figure 4.14. Maximum sensitivity 
(S/N=2) varied with the compound itself and the exact chromatographic 
conditions but ranged from 200fmol for adenosine to Ipmol for dATP.
Application to cell extracts
The potential of the system for quantifying nucleotides and related 
compound in extracts of biological specimens was demonstrated (Fig. 
4.15). The selectivity is demonstrated by its application to a complex 
mixture (urine) and its sensitivity by measurement of plasma cAMP.
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Table 4.4. Effect of buffer on hydrolysis of ATP by incubation at 95°C 
for 10min
Buffer pH 6.0 %Yield % Final Composition
ATP ADP AMP
Starting composition 97 3 0
0.2mol/l Ammonium Acetate 54 90 8.9 1
" " " + 4mmol/l EDTA 100 95 4.9 0
0.2mol/l Potassium Phosphate 79 90 9.5 0.5
" + 4mmol/l EDTA 85 93 6.3 0
0.2mol/l Sodium Citrate 91 90 9.5 0
" " " + 4mmol/l EDTA 86 94 5.2 0
* expressed as % of ammonium acetate + EDTA figure 
** expressed as % of total integrated peak area.
1 00 i
90 -
80 -
70 -
50 -
40 - pH 3.5
30 -
20 -
0 1 0 20 30 40 50 60
TIME min.
Fig.4.13 Decomposition of a solution of ATP during derivatisation with 
chloroacetaldehyde at 95°C and at differing pH values.
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Fig.4.14 Representative standard curves for various e-derivatives.
NORMAL URINE (diluted xlO) STANDARDS (4pmol)
COLUMN 4.6 x 100im 3u ODS-Hypersil 
BUFFER 0.05M phosphate pH 6 : MeOH 
90 : 10
FLOW 1.2ml/min 
DETECTOR FS 970 sensitivity 5.70 
range xl 
ex 235nm
  em >389nm
INJECTION 20ul
J
A
10
Fig.4.15 Representative chromatograms illustrating applications of etheno
derivatisation technique. A.) The selectivity of the system is 
demonstrated by its application to neat urine and B (over page) 
maximum sensitivity by the determination of plasma cAMP etc.
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NORMAL PLASMA STANDARD (Ipmol)
COLUMN 4.6 x 100mm 3u ODS-Hypersil 
BUFFER 0.05M phosphate pH 3.3 : MeOH 
90 : 10
FLOW 1.2ml/min 
DETECTOR FS 970 sensitivity 5.70 
range 0.2 
ex 226 nm 
em >389 nm
INJECTION 20ul
10
A
$  U v
4 ; o
m m
? indicates fluorescent products from the reagent observed at high 
sensitivity and after long incubation times. !
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4.4 DISCUSSION
Of the detection modes, uv, electrochemical and fluorescence, for 
nucleotides and related compounds investigated in this thesis the most 
versatile has continued to be uv detection at ca.260nm. The relatively 
high concentrations of most nucleic acid derivatives in biological 
extracts, their high extinction coefficients and in general the 
quantities of cells or tissue combine to give good sensitivity and 
selectivity towards the compounds of interest. With isocratic elution 
sensitivities of 10-20pmol were obtainable (Fig 4.1) for both 
nucleotides and bases even though the available uv detectors for this 
work were not 'state of the art'. The best uv detectors now offer 0.001 
aufs which would suggest that they could offer useable sensitivities of 
Ipmol in this application a 10-fold improvement over the present work.
Sensitivity though may be limited in some applications when either 
small concentrations are present or trace components are being 
quantitated and sensitivity is reduced with gradient elution. The 
limitations of the uv detector are then relatively small since 
sensitivity is limited by the rise in the baseline encountered. 
Considerable effort is required to minimise this rise and the role of 
the quality of both the buffer salts and the water have been 
investigated. The baseline rise appears to fall with the age of the 
column and this may be due to the lower concentrations of phosphate 
required and the change in selectivity of the column with use. The 
minimum baseline rise consistent with accurate quantitation of NTPs is 
approx. 15% fsd so with the best reagents (Table 3.1) maximum detector 
sensitivity can be 0.02aufs (approx.200pmol injected). Riess et al.
(1983) purified stock sodium phosphate buffer solutions by passage 
through consecutive columns of AG 1-X8 Cl , Chelex 100 Na and 
activated charcoal to remove impurities prior to dilution for the HPLC 
gradient modified from the procedure of Karkas et al. (1981). With such 
precautions they were able to demonstrate operation at O.Olaufs with a 
20% baseline rise although they normally worked at 0.1 aufs. From the 
results presented here much of their clean-up was probably directed at 
cleaning the water and the present procedures are much simpler. 
Pogolotti and Santi's (1982) claim that ammonium phosphate buffers 
showed less baseline rise than potassium salts was not confirmed here 
which is in agreement with Reiss et al (1983). Such a finding is in
Page 121
A J
fact difficult to reconcile with the observation that the uv absorbing 
impurities originate in the orthophosphoric acid not the alkali. The 
use of KC1 in the high buffer has continued mainly on grounds of 
economy rather than it effect on the uv absorbance. Other limitations 
to sensitivity with actual samples are the presence of a number of 
endogenous compounds and possible impurities which absorb in the uv.
Many of the impurities observed in this study, such as EDTA have not 
been reported previously.
Although uv detection is very versatile and has been employed in most 
published studies the other detection techniques studied here can in 
some circumstances offer unique advantages over uv detection although 
neither were found to offer universal applicability.
HPLC-EC has been widely applied to the determination of phenolic 
compounds in particular neurochemicals but relatively few other 
applications have developed although there is a substantial literature 
on the electrochemistry of biological molecules. The reports in this 
thesis on the detection of purines via the oxidative electrochemistry 
of the purine ring have applied the fundamental studies of Dryhurst 
(1972, 1977) to HPLC-EC. The background to the application of 
electrochemical to uric acid was given in the introduction.
Electrochemical detection at moderate +0.5V to IV v Ag/AgCl has been 
shown to be applicable to a large number of purine bases including some 
of their phosphorylated derivatives (Table 4.1). Because of the 
reactive nature of this form of detection the use of a flow injection 
system was found to offer considerable advantages in optimising the 
conditions of detection independent of the chromatography. During 
optimising HPLC-EC, particularly with studies on pH variations etc, a 
number of workers (e.g. Yamamoto et al. 1984) have confused peak height 
changes due to changes in electrochemical response with changes due to 
a combination of electrochemistry and chromatography. The flow 
injection studies have shown that both the ionisation of the purine i.e 
buffer pH, as well as the applied potential have a marked effect on the 
oxidative EC response.
Recently limited reports of the electrochemical detection of purines 
etc. have appeared. Stulik and Pacakova (1983) compared HPLC-EC of some
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pyrimidine based pharmaceuticals at a glassy carbon wall jet electrode 
to uv detection, Henderson et al. (1984) detected adenosine and related 
bases at a glassy carbon electrode and Yamamoto et al. (1984) 
determined guanosine nucleotides using dual electrochemical detection. 
Applications to urate determination have continued to appear (see 
Pachla et al. 1987) whilst most recently determinations of hydroxylated 
deoxyguanosine derivatives have appeared (see below).
At working potentials below IV the most electroactive nucleotides were 
those which include the guanine ring or oxidised forms of that ring 
such as XTP although adenosine nucleotides were weakly electroactive. 
This is in contrast to the reports of Yamamoto et al. (1984) who state 
that only guanine compounds are electroactive but did not appear to 
test any others and close inspection of their published chromatograms 
show a number of unidentified peaks particularly at +0.95V v Ag/AgCl. 
Optimum pH values for guanine nucleotides were ca. +0.9V although some 
shifts in the voltammographic maxima did occur with pH. Above +1V a 
number of other nucleotides became increasingly electroactive but again 
pH was important for the oxidative chemistry. Varying the choice of 
electrode material had little effect on the shape of the voltammograms 
except for thiol containing purines when oxidation presumably of the 
-SH group rather than the purine ring was achieved at lower potentials 
on metal electrodes such as gold.
The bases themselves varied from almost no electrochemical activity at 
<1V e.g. adenine to high electroactivity e.g. guanine. Whilst oxidised 
forms of the bases e.g. xanthine or urate were exceptional 
electroactive even at low potentials i.e. <0.7V. Such a variety of 
electrochemical response allows the detector to operate as a very 
selective detector. Correct choice of both working potential and pH 
plus suitable chromatography can allow the very selective and sensitive 
detection of for example guanosine nucleotides. The combination of EC 
with ion-paired chromatography is similar to that reported by Yamamato 
et al. (1984) who combined reversed-phase ion-paired chromatography 
with EC at a parallel dual glassy carbon electrodes held at +0.7 and 
+0.95V. The reason for this configuration was not explained but it did 
allow the identification of non-specific electroactive components in 
the brain extracts under investigation. The intra-assay reproducibility 
obtained in the present study (2.4% for GTP) compares well with that
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reported by Yamamoto et al (1984) i.e. 2-4% and such errors are 
equivalent to those obtained with uv detection (Table 5.13). On the 
other hand the sensitivity was considerably better for the guanosine 
nucleotides using EC detection compared to uv. Although the detector 
was most sensitive towards the free bases it was still capable of 
detecting^SO,~300 and^lOOOfmol of GMP, GDP, and GTP respectively. 
Yamamato et al found the same ranking of sensitivity i.e GMP>GDP>GTP 
and similar levels of sensitivity can be calculated from their data. 
These levels of precision are slightly poorer than those reported for 
urate determination by HPLC-EC when the detector operates at 
significantly lower potentials i.e. +0.5V, Iriyama et al. (1983) quote 
<2% whilst Pachla et al.(1979) in their proposed selected method for 
clinical chemistry report 1.09% At these high working potential many 
other minor peaks appear in tissue extracts and it is better to-operate 
the detector at lower applied potentials in order to maximise 
selectivity in such samples.
Dryhurst (1972) studied mainly the reductive electrochemistry of a 
variety of purine and pyrimidine compounds using polarography at the 
dropping mercury electrode. He also performed valuable studies on the 
oxidative electrochemistry of a number of simple purines and identified 
three major stages to the oxidation of the purine bases. Purine, itself 
was not oxidisable and at least one amino or oxy group had tokpresent 
on the ring. For adenine and guanine he demonstrated that the first 
step is a two electron oxidation of all available -N=C- bonds forming 
oxy bonds at the 2, 6 and 8 ring positions as appropriate. Once maximum 
oxidation has been achieved a second step involves a two electron 
oxidation of the C4=C5 bond to a diimine. This diimine is unstable and 
in a third step is hydrolysed to a 4,5-diol which can undergo secondary 
reactions to form a variety of end products such as carbon dioxide and 
allantein. An outline of this scheme is shown in Fig 4.16 Dryhurst 
(1977) noted the remarkable parallelism between this electrochemical 
scheme and both the photochemical degradation and the biochemical 
catabolism via xanthine oxidase of uric acid. In fact from recent 
evidence in other areas it also parallels the oxygen-free radical 
(scavaging) of urate.
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4-.16 Outline of the electrochemical oxidation mechanism for urate.
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Central to the above scheme (Fig 4.16) is the observation that the 
greater the oxygenation of the purine ring the more easily it is 
oxidised. In the studied detailed here it is clear from figure 4.17 
which shows the voltanunograms for hypoxanthine, xanthine and urate that 
in HPLC-EC at a glassy carbon electrode the same oxidation rule still 
apparently applies. By combining this variation in oxidation potential 
with reversed-phase HPLC it is possible to develop highly selective 
assays for these compounds and such assays are useful for both 
quantitation of urate formation via xanthine oxidase in tissues and the 
assay of xanthine oxidase activity in tissues. Equally the ooservation 
that the most electroactive compound observed in the present survey was 
2,8-dihydroxyadenine may be of use in the development of a simple and 
specific HPLC-EC for this compound which is excreted in excess, forming 
renal calculi in APRTase deficiency.
Recently it has been demonstrated that oxygen-free radical attack on 
DNA (Kasai et al. 1986) results in the formation of 8 - OH-de oxy guano sine 
and they argued that since this compound is hydroxylated in the 8 
position it should be detectable by oxidation of the -OH group. However 
the data presented suggested that its EC reactivity is due to the 
increase in oxygenation of the ring and not to the -OH group. In fact 
it is unlikely from comparison with other purines that the enol form 
exists normally and the keto form should predominate.
o
NH
dR
Fig 4.18 Forms of 8-OH-deoxyguanosine
o
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O
The work reported here equally suggests that HPLC-EC could also be 
employed to seek out other hydroxylation products of DNA since any 
increase in oxygenation of the purine ring aids electrochemical 
detection as well as modifying their retention on HPLC columns. The 
high sensitivity of the system towards 2,8 dihydroxyadenine suggests
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that if 8-hydroxyadenine, 8-hydroxyadenosine, 8-hydroxydeoxyadenosine 
are also formed by radical damage to DNA, they should be even more 
readily detectable than corresponding guanosine markers.
HPLC-EC clearly offers useful advantages for detecting some compounds 
however at high working potentials changes in electrode response mean 
that reproducibilities are significantly lower than with passive 
detectors. The use of uv and ec detectors in series though has proved 
excellent for the identification and confirmation of some peaks in 
highly populated samples. When sensitivity was not limited the uv 
detector was used for quantitation and the ec trace and the uv/ec ratio 
is available for qualitative peak identification. However it proved of 
most use for nucleosides and bases since in practice only the guanosine 
nucleotides can be readily monitored with the ecd.
Although HPLC-EC offered benefits with regard to sensitivity and 
selectivity for the determination of many purines and their nucleotides 
it was temperamental in operation. The high working potentials employed 
and the complexity of the electrochemistry caused electrode problems. 
Over the period of operation there could be loss of sensitivity due to 
electrode fouling necessitating electrode cleaning and at the higher 
voltages baseline noise from impurities in the system as well as the 
electrode itself increased. Operation at high voltage also meant that 
selectivity decreased since other electroactive compounds present in 
biological extracts such as glutathione and ascorbate were detected.
The formation and chromatography of the 1-N^-etheno derivatives of some 
6-amino purines has also been investigated. Their chromatographic 
characteristics in the presence of TBAHS with regard to selectivity are 
similar to those of the parent compounds reported by Perrone and Brown
(1984) and also earlier in the present studies. The major difference 
compared to the finding of Perrone and Brown was again that lower 
concentrations of ion-pair were necessary (0.2 against 2mmol/l) which 
are considered to be related to the particular reversed phase packing 
material used in this study. It was surprising that the selectivity of 
the ion-pair system was so similar since the ionisable -NH^ on the 
purine ring is lost during derivatisation suggesting that the dominant 
groups in the ion-pair formation are the phosphates.
Page 127 / ,
The flexibility of the ion-pair system in achieving the resolution of 
both the adenosine nucleotides and other adenine compounds in a single 
run is a major advantage over the simple ODS separations of Preston 
(1983) or Levitt et al. (1984). The nucleotides are well retained on 
the column rather than eluting early although this retention leads to 
some loss of sensitivity. Using the chromatographic data presented here 
it is possible to optimise conditions for the measurement of any single 
compound e.g. adenosine or cAMP to give maximum sensitivity in the 
shortest possible analysis time. During the course of this study 
Ramos-Salazar and Baines (1985) reported a similar procedure for the 
adenosine ribonucleotides alone.
Other workers have used chloroacetaldehyde to derivatise nucleotides 
but a variety of derivatisation protocols have been published without 
regard to the possibility of hydrolysis. Preston (1983) used 30min at 
100°C but did not consider hydrolysis. The present study suggests that 
under such conditions a significant amount of hydrolysis ATP and ADP 
would have occurred. Levitt et al. (1984) used 40min at 80°C and 
checked for the overall recovery of their system including tissue 
extraction by addition of radiolabelled ATP. They found a recovery of 
59.5% but did not comment on hydrolysis. Ramos-Salazar & Baines (1985) 
returned to the derivatisation of Barrio et al. (1972) i.e. 24h at 
37°C, in order to minimise hydrolysis and reported that 19, 5 and 9% 
less g -AMP, c-ADP and g -ATP respectively was formed than at 80°C for 
40min. In this present study the rate of hydrolysis has been more 
thoroughly examined and the % destruction reduced significantly by 
lowering the incubation time, using a higher pH and including EDTA in 
the buffers. It must also be appreciated that using long incubation 
times at elevated temperatures to measure other adenine derivatives 
e.g. adenosine in tissues may give elevated values due to nucleotide 
degradation.
Yoshioka et al. 1984 reported that bromoacetaldehyde can replace 
chloroacetaldehyde with a 20% improved yield of the adenine derivatives 
since its optimum reaction conditions were milder (15min at 80°C). 
However it is difficult to rationalise why a bromo derivative should 
react faster than the chloro and since the authors did not characterise 
their material by physical means it may be that impurities recxeVfcck. 
Bromoacetaldehyde is not commercially available and attempts to use a
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laboratory-synthesised reagent have not achieved a significant 
improvement in performance.
The derivatisation procedure developed here has proved limited in 
application towards nucleotides due to the possibility of acid 
hydrolysis however when sample amounts are limited such as with studies 
on white cell fractions or maximum sensitivity is required then with 
care it can be employed. It is of course a more satisfactory procedure 
for free adenosine and adenine in plasma for instance when it allows 
both rapid and sensitive measurements.
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CHAPTER 5. NUCLEOTIDES AND RELATED SUBSTANCES IN BIOLOGICAL SPECIMENS
5.1 QUALITATIVE EXAMINATION
Introduction.
Prior to chromatography nucleotides must be released from inside cells 
and separated from high molecular weight components. There is also some 
evidence that, in part, nucleotides are protein bound and it may be 
desirable to release that nucleotide fraction. Nucleosides however are 
both intra and extracellular compounds. Any extraction technique is 
required to fulfil a number of criteria in order to approach the ideal 
but the final procedure is nearly always a compromise. I have defined 
the following criteria for choosing an extraction procedure suitable 
for HPLC (Perrett, 1987).
1. It should free all of the compound(s) of interest from within the 
tissue including that which is protein bound unless only the free 
fraction is of interest.
2. It should remove all protein and other macromolecules in order to 
avoid detrimental effects on column performance.
3. It should neither degrade the compounds chemically nor permit 
biochemical changes to continue. Equally, it should not degrade 
polymeric species and thereby increase the concentration of monomers.
4. Preferably the extractant should not interfere with the assay by 
giving interferring peaks or large frontal artifacts or it should be 
easily removed prior to analysis.
5. It is advantageous if the method can selectively extract compounds 
of interest from others with similar chromatographic and/or detection 
characteristics.
6. The final extract should be clean and free of particulate matter and 
compatible with the chromatographic system. Any infective or toxic 
materials should also be removed or neutralised.
7. The procedure should not dilute the extract unnecessarily.
8: The compound(s) should be stable in the final extract, particularly 
if it is necessary to store it prior to analysis.
9. The final procedure should be reproducible and give good recoveries.
10. It should be simple and rapid allowing large numbers of samples 
to be processed when necessary.
11. It should be scaleable allowing use with all sample volumes.
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Choice of deproteinating procedure for nucleotides. A variety of 
methods have been evolved to remove proteinaceous material from 
biological samples [reviews; Hutchinson & Munro 1961, Munro & Fleck 
1964, Mande1 1964, Hess & Brand 1974, Maickel 1984] . Some of the most 
popular methods with their mode of action are listed in Table 5.1. Most 
of these methods were developed for other assays and modifications to 
the procedures are needed to make them compatiable with both 
nucleotides and HPLC. Brown and Miech [1972] were the first to compare 
extraction procedures for use with HPLC. They extracted nucleotides 
from human erythrocytes, followed by separation on a pellicular 
ion - exchanger. Two of the methods they compared were perchloric acid 
(PCA) extraction followed by neutralisation with KOH and removal of the 
potassium perchlorate precipitate, and trichloroacetic acid (TCA) 
followed by extraction of the excess TCA with diethyl ether.
Choice of extractant: Preliminary comparison of TCA and PCA procedures.
These methods have been revaluated for use with the present HPLC 
systems. To compare the efficiency of the two extraction procedures 
towards extracellularly added nucleotides from solutions containing 
appropriate concentrations of proteins, their relative extracellular 
recovery from whole red cells was determined.
To 10Oui of out-dated red cells was added 10Oui of water containing 50 
nmol ATP, ADP and AMP mixed and immediately the proteins were 
precipitated with 20Oui of either 12% TCA or 5% PCA, spun and the 
excess acid removed with di-ethyl ether or KOH respectively. Controls 
were red cells without added nucleotides or water with added 
nucleotides. Recovery experiments were performed in triplicate on two 
occasions. Samples were then stored at -20°C until analysis. lOul of 
each extract was analysed by anion exchange HPLC.
The results of this recovery experiment are given in Table 5.2. The 
recovery of added extracellular nucleotides was high when TCA was 
employed as the protein precipitant. The average recovery of all three 
adenosine nucleotides was 94.5%. Errors due to the red cell water, 
since no internal standard was employed, may account for some of the 
discrepancy as would some hydrolysis of the nucleotides during 
extraction. Recoveries using PCA were significantly lower.
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The reason for this was surmised to be due adsorption of nucleotides 
onto the precipitate of potassium perchlorate. After neutralisation the 
method leaves a saturated solution of KCIO^ (63mmol/l at room 
temperature) and more precipitate forms on storing the samples at lower: 
temperature and the lower recovery of nucleotides observed may be due 
to losses onto this precipitate. To test this hypothesis PCA extracts 
were prepared from two separate collections of red cells, the excess 
PCA neutralised with KOH and immediately analysed for nucleotide 
content. The samples were then frozen and stored at -20°C. The 
following day the samples were thawed any new precipitate removed by 
centrifugation and the supernatant re - chromatographed. The loss of ATP 
was 9.2% and 8.7% in the two samples, smaller losses were observed for 
ADP and AMP. All further work used only TCA to prepare acid extracts.
The choice of extraction conditions. Extraction must not only release 
nucleotides etc. but also solubulise them leaving a solution compatible 
with injection onto the column, in particular this means the complete 
removal of protein. Failure to achieve complete deproteination can 
lead to premature loss of column efficiency. Preliminary experiments 
showed that not only the strength of the acid was important but also 
the volume ratio of acid to cells. These recovery characteristics were 
investigated in detail to find optimum extraction conditions.
A series of TCA solutions from 5 to 25% w/v were prepared and cooled to 
4°C. Duplicate aliquots of a red cell pool (200ul) were extracted with 
200, 400, 600, 800 and lOOOul of each TCA solution in a LP3 tube which 
also contained 5Oui of cXMP (internal standard, 1 nmol/tube) while 
mixing vigorously on a vortex mixer. The mixture was allowed to stand 
for two minutes to acheive complete precipitation of protein. Following 
rapid centrifugation, excess acid was removed from the aqueous 
supernatant in the usual manner with water saturated ether. The neutral 
extracts were then stored frozen prior to analysis. Each extract was 
analysed by anion exchange chromatography and the total integrator peak 
area, the concentration of the adenosine nucleotides and the ATP/ADP 
ratio determined. For the first two values the concentrations were 
corrected for the recovery of the internal standard and for the total 
area, the area of the cXMP peak was also deducted.
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Table 5.1 Deproteinating -procedures and their mechanisms of action
Procedure Principle Suitability for nucleotides
Heating Denatures proteins No
Cold Denatures membranes No
Ultrafiltration Molecular size separation ? Possibly for free NXP's 
Ammonium Salting out Unsuitable for HPLC
sulphate
Ba^SO^/ZnCOH)^ Co-precipitation ? No
Methanol and Dielectric change Helpful along with other
other organics solubility agents
Perchloric Acid pH denaturing Good
Trichloroacetic pH denaturing Excellent
acid
Solid phase liquid/stationary phase ? probably poor
extraction interactions
Table 5.2 Comparison of nucleotide extraction recovery from RBCs with 
TCA and PCA procedures
Extractant Mean recovery (% of control)
AMP ADP ATP
12% TCA 101 ±4.0 92 ±5.1 90 ±7.4
5% PCA 97 ± 5.2 83 ±6.3 74 ±5.3
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This experiment was performed on three occasions with slight 
modifications but essentially the same findings. The results are given 
in Table 5.3. For any one series of red cell to TCA regardless of the 
volume ratio a minimum concentration of TCA i.e. 10% was necessary to 
release 100% of the nucleotides etc. judged by both the concentration 
of adenosine nucleotides and the total peak area. Regardless of the 
ratio increasing the acid strength above 15% reduced the total peak 
area found. A volume ratio of between 1 : 2 and 1:3 (cells to TCA) was 
necessary to achieve maximum total peak area. Increasing either the 
strength of the TCA above 20% or the volume of TCA above 1:3 leads to a 
significant fall in the ATP/ADP ratio. This fall suggested that acid 
hydrolysis of nucleoside triphosphates was occurring during extraction 
since the total adenosine nucleotide pool extracted remained 
approximately constant. With both increasing acid strength and at the 
higher ratios there was noticeably more variation in the duplicates.
The reason(s) for this were not clear but could relate to efficiency of 
mixing or the rate of formation of denatured protein precipitate.
Efficiency of protein removal.
In the above studies, some ratios of cells to TCA contained 
insufficient acid to remove all the protein. This result was obvious in 
some cases, e.g. 5% TCA 1 : 1 ratios when the extracts were still red 
in colour whereas for others extraction of clear supernatants with 
ether led to the formation of further precipitate. To investigate the 
efficency of protein removal the concentration of protein remaining in 
the supernatants was determined after the ether extraction stage.
The above experiment was repeated but the acid supernatants and control 
aliquots of haemolysed red cells (5Oui diluted to 5000ul in water in 
triplicates) were assayed for protein concentration using bicinhoninic 
acid. The results are given in Table 5.4.
Provided there was no visible protein precipitation at the ether 
extraction stage protein concentrations were all very low (less than 70
ug/ml) compared to 341 mg/ml in the original red cells. The
concentration of protein was highest in the 1 : 1 extracts but when % 
efficiency for protein removal was computed from the final extraction 
volumes the differences were removed and the final efficiency was 
>99.95% for most extraction combinations. Such levels of protein are
unlikely to be deterimental to the column.
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TABLE 5.3A Total amounts of nucleotides extracted from RBCs.
(% of maximum value)
Ratio % w/v TCA in water
cells :Vol TCA 5 10 15 20 25
1 : 1 protein 69 68 92 79
1 : 2 66 93 98 93 90
1 : 3 77 94 100 93 94
1 : 4 88 93 94 89 87
1 : 5 80 83 76 91 82
yc
Mean of three experimental determinations
5.3B ATP/ADP ratio following TCA extraction of RBCs.
•iSr
(% of maximum value)
Ratio % w/v TCA in water
cells :Vol TCA 5 10 15 20 25
1 : 1 protein 60 63 67 56
1 : 2 53 63 100 73 53
1 : 3 83 82 85 60 40
1 : 4 73 65 61 43 48
1 : 5 70 46 50 46 36
Mean of three experimental determinations
Table 5.4 Protein Concentrations in supernatant following TCA
extraction of RBCs 
ug/ml (% of total remaining)
Ratio % w/v TCA in water
Vol cells:Vol TCA 5 10 15 20 25
1 340(1.65) 82(0.037) 67(0.032) 69(0.034) 63(0.036)
2 68(0.053) 46(0.036) 58(0.045) 51(0.040) 52(0.040)
3 33(0.035) 34(0.036) 36(0.038) 34(0.036) 38(0.041)
4 31(0.042) 29(0.039) 27(0.036) 30(0.041) 35(0.040)
5 25(0.041) 24(0.039) 24(0.039) 27(0.044) 29(0.047)
Initial protein concentration equivalent to 3.llmg/ml 
Mean of two determinations
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Removal of excess acid.
Most workers have removed TCA by extraction with diethyl ether or PCA 
with KOH. Khym (1975) introduced a combined solvent extraction- 
cum-neutralisation procedure, whereby excess acid was removed from 
nucleotide containing solutions by extracting with a water-insoluble 
amine dissolved in a water-immiscible solvent l.e Alamine 336 in 
Freon-TF. Chen et al.(1977) replaced Alamine with tri-N-octylamine and 
found the method suitable provided the amine Concentration was 
carefully controlled and freshly prepared. These workers monitored the 
TCA removal by pH measurements. In this study it was observed that 
when TCA is used small peaks presumed to be residual TCA can be 
observed. With the anion exchange HPLC these peaks have retention 
times of 3.01 and 3.84min. Injection of 10% TCA gave multiple large 
peaks at 3.69, 3.86, 4.50 and 4.60min with relative proportions of 75: 
19: 3: 3. although strong acids could cause un-reliable retention 
times. With the RPLC system for nucleosides two peaks with retention 
times similar to cytidine and uridine were observed.
The efficiency of removal of these peaks was readily followed using 
either separation system. The efficiency of removal of TCA from RBC 
extracts by ether and an amine procedure modified from Khym (1975) was 
compared. A red cell extract prepared using TCA and two 1ml fractions 
transferred to glass tubes. One was repeatedly extracted by 
whirlimixing with water-saturated diethyl ether (3ml) and the other was 
similarly extracted with tri-n-octylamine in 1-butanol (2ml). After 
each extraction the pH of the aqueous phase was measured and 25ul 
analysed for TCA. The initial TCA concentration was determined by 
inj ection of a sample of extract prior to any further procedures.
Table 5.5 compares the removal of TCA measured by the sum of peak areas 
following either repeated extractions with ether or tri-n-octylamine 
/butanol. Both methods removed the TCA and raised the pH in parallel 
however the amine requiried fewer extractions to remove 99% of the TCA.
The final extraction conditions were therefore 1:2.5 and 12% TCA. These 
gave the best ATP/ADP ratio, good overall peak area recovery, >99% 
removal of protein and minimum sample dilution.
Table 5.5 Efficiency of removal of TCA from red blood cell extracts*
Total extraction volume pH % TCA remaining
**
ml of ether
3 1.39± 0.05 16.2* 6.1
6 1.82* 0.07 5.0* 1.8
9 1.99* 0.10 3.4* 0.3
12 2.55* 0.10 1.7* 0.4
15 2.75* 0.12 1.2* 0.2
18 2.89* 0.13 0.8* 0.2
***
tri-n-octylamine/1-butanol 
ml
2 3.0* 0.4
4 0.9* 0.3
6 0.5* 0.3
*
Estimate based on area of the original u.v. absorbing peaks 
n=3
Water-saturated di-ethyl ether 
0.5mol/l tri-n-octylamine in butanol
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5.2 VALIDATION OF EXTRACTION PROCEDURES
The quality of an isolation/ extraction procedure is usually assessed 
by calculating both the total amount of nucleotides extracted using 
absolute and recovery criteria. However in the case of nucleotides 
their degradation by the procedure must also be considered. Changes in 
the in vivo concentration of nucleotides during extraction are 
indicated by changes in the ATP/ADP ratio. The sensitivity of this 
ratio particularly when measured by HPLC is such that even slight 
conversion of ATP to ADP is sufficient to cause a large numerical 
change to the ATP/ADP ratio. Changes in the energy charge of the cell 
may represent a more general estimate of the cells energy status. 
Atkinson [1968] has x defined the energy charge (EC) as follows
EC = ATP +1/2 ADP (1)
ATP + ADP + AMP
Its value approaches unity in a cell with maximum energy status and 
fall to zero in a fully energy depleted cell. In well prepared tissue 
extracts the EC is generally 0.85-0.95. For both these values it must 
be remembered that they are gross calculations since the measurements 
employed are levels of total intracellular nucleotides and do not 
reflect any compartmentation which is almost certainly present in 
tissues. Both EC and ATP/ADP ratio are conveniently determined using 
HPLC since all the necessary elements are measured simultaneously and 
errors are therefore minimised.
5.3 ISOLATION OF NUCLEOTIDES
Time courses prior to making TCA extract.
Nucleotides are both biochemically and chemically labile. In tissues 
such as liver substantial degradation of nucleotides to lower order 
nucleotides, nucleosides and bases due to warm ischaemia occurs within 
seconds. It was therefore important to ascertain whether changes 
similar to those in tissues could be observed in red cells and at what 
rate such changes occur. Whether different rates of changes could be 
observed for the different bases when measured by HPLC and if changes 
in either the energy charge or NTP/NDP ratio were more sensitive
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indicators of changes than absolute levels alone. Such observations 
would then allow the definition of optimum blood collection procedures.
With whole tissues the critical time for maintainanee of high 
triphosphate nucleotide concentrations is the instance following 
sampling. However the same is not necessarily the case for blood cells 
where levels of ATP appear stable for some hours after collection. 
Never-the-less changes do occur when blood samples are monitored by 
HPLC and even slight degradation of ATP to ADP leads to significant 
changes in the ATP/ADP ratio. Using the improved procedures developed 
here the stability of nucleotides in intact RBCs following collection 
was determined in both man and a number of laboratory animals.
Non-fasting blood was collected by venepuncture from suitable sites in 
man, Wistar rat, New Zealand white rabbit, guinea pig and mouse. The 
blood was collected into heparinized tubes and divided into two 
portions. One sample was immediately centrifuged (1000g, Amin) and the 
plasma and buffy coat discarded. Both whole blood and the separated 
red cells were kept sealed at room temperature (20°C) and at each time 
interval 200ul aliquots were collected and extracted with 500ul 12%
TCA or in the case of whole blood 25Oui of 25% TCA. Nucleotide content 
was determined by anion-exchange HPLC.
Fig 5.1 shows typical chromatograms obtained from freshly separated 
human and rat erythrocytes and corresponding samples following 1 hour 
at room temperature. For human RBCs there was little change in the 
chromatographic profiles whereas for the rat significant degradation 
of not only ATP but other triphosphate nucleotides was apparent. These 
changes are more clearly shown when the ATP/ADP were calculated. Fig
5.2 A and B shows the effect of storage on that ratio for fresh whole 
blood (A) and separated erythrocytes (B). For whole blood the values 
given only approximate to those for the dominant RBC. For human whole 
blood the ratio only fell from 9 to 7 in 2h and a similar fall, 
although with a sharper initial component, was observed for the mouse. 
For the other animals falls of upto 90% occurred within the first 
hour. Regardless of species the ATP/ADP ratio fell more and at a 
higher rate in isolated red cells. Parallel changes in the GTP/GDP 
were also found but due to their smaller initial levels the changes 
were less readily quantified.
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Fig.5.1 Chromatograms showing the nucleotide profile of a) human and b)rat 
red cells at 0 and Ih at room temperature after venepuncture.
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Fig.5.2 The effect of in vitro storage at room temperature on the ) 
ATP/ADP ratio in fresh whole blood (A) and separated
erythrocytes (B) for different species. Values are the mean of 
two individual determinations per species.
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Washing Red Cells prior to extraction.
Fresh RBC's from a normal subject were collected, the plasma and buffy 
coat removed and the cells divided in two. One half was maintained at; 
room temperature while the other was washed twice with 2vol of normal 
saline (at room temperature). Aliquots from each fraction were 
collected at intervals and extracted in the usual manner. Nucleotide 
levels were then estimated by HPLC.
Standing red cells devoid of plasma caused some changes to the 
adenosine nucleotide pattern of red cells (Table 5.6). The ATP 
concentration fell by approx. 90nmol/h giving a 19% /h change in the
ATP/ADP ratio. In part this loss of ATP could be reduced by washing the
cells with normal saline. In other experiments not detailed here 
washing with other media, such as Earles buffer, could cause 
significant but variable changes in the nucleotide pattern. Provided 
extracts are made within 30min the changes caused by washing the cells 
was not significant but neither was the procedure advantageous.
Acid stability of nucleotides in the TCA extract
Nucleotides are labile in solution and it was necessary to quantify the 
rate of change in the measured concentrations of nucleotides and the
ATP/ADP ratios in un-neutralised TCA extracts of red blood cells.
A TCA extract of fresh red blood cells was prepared in the usual manner 
except that the excess TCA'was not immediately removed and the extract 
was maintained at room temperature for appropriate intervals prior to 
ether extraction and immediate analysis by HPLC.
The results of this study are given in Table 5.7. Substantial changes 
in both the concentrations of nucleotides and in the ATP/ADP ratio was 
observed. During the three hour study period the concentration of ATP 
dropped by 10.8% and this translated to a 48.7% fall in the ATP/ADP 
ratio. However the changes in the first 30min were within experimental 
error although the trend was clearly downwards. It was therefore 
considered unlikely that changes in the rate and time of ether 
extraction would significantly contribute to the overall variation.
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Table 5.6 Effect of removal of plasma and washing on short term 
stability of red cell nucleotides
Un-washed Saline Washed
Time AMP ADP ATP ATP/ADP AMP ADP ATP ATP/AD]
hours nmol/ml PRBC nmol/ml PRBC
0 8 96 1205 12.55 8 119 1230 10.34
1 19 176 1130 6.42 28 172 1212 7.05
3 92 266 1050 3.95 25 182 1153 6.33
4.5 125 409 802 1.96 24 190 1100 5.79
TABLE 5.7 Rate of hydrolysis of Adenosine nucleotides in 
un-neutralised extracts of red blood cells.
time min. AMP ADP ATP ATP/ADP
0
15
30
45
60
90
120
180
8.5
9.9
7.0
11.0
13.6
14.0
15.5
14.8
117
114
120
124
133
150
173
202
1345
1319
1321
1295
1277
1265
1228
1200
11.5
11.6 
11.0 
10.5
9.6
8.4
7.1
5.9
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Recovery of added nucleotides.
It is impossible to obtain true recovery values for intracellular 
compounds such as nucleotides. To compare the efficiency of the 
extraction procedure for added nucleotides from solutions containing 
appropriate concentrations of proteins the recovery from a solution 
containing whole red cells was determined. A preliminary experiment has 
already been detailed when recoveries with TCA ranged from 90-100%.
Recovery of extracellular added nucleotides.
To determine the recovery of a larger number of extra-cellular added 
nucleotides than previously and with increased accuracy the following 
experiments were performed. Recoveries of selected nucleotides from red 
cells were determined at a concentration increment of 630nmol/ml PRBCs 
except for CDP and UDP which were present only as breakdown products at 
approx. 60nmol/ml. A mixture was prepared by freeze drying a mixture 
containing lumol of each nucleotide and reconstituting- in 1.5ml H^O.
Experimental: - 150ul aliquots of a RBC pool were pipetted into LP3 
tubes and either 150ul of standard nucleotide mixture or 15Oui of water 
added. Following mixing 150ul of 25% TCA was added to precipitate the 
proteins. To determine sample dilution 50ul of cXMP(approx. 3mmol/1) 
was then added. After standing for 5min the mixture was centrifuged at 
2000g for 10min, the supernatant removed and the excess TCA extracted 
with diethyl ether. Nucleotide concentrations were determined by anion 
exchange HPLC. All values were determined on 8 independent samples.
Recovery of nucleotides were calculated by comparison of the increase 
in concentration of the nucleotides in the extracts when corrected for 
the presence of the internal standard and the concentration of the 
same standard diluted with water. The results are given in Table 5.8.
Due to the relative responses the integrator was unable to resolve GMP 
and IMP and their recoveries are therefore combined. The average 
recovery was 97.7% with a range of 73 to 135 % although both extremes 
were nucleotides present at the lowest concentrations reflecting 
in-accuracies in integration. In general recovery of monophosphate 
nucleotides exceeded that of the di- and tri-phosphate nucleotides.
Such a result could occur if, under the experimental conditions some 
breakdown of the higher nucleotides had occurred.
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Table 5.8 Recovery of standard nucleotides from red cell extracts
% Recovery
AMP 101.5 ± 3.42
NAD 100.0 ± 4.61
IMP +GMP 103.7 ±.2.47
cXMP 99.5 ± 1.05
CDP 112.4 ±1.99
ADP 98.9 ±2.76
NADP 96.3 ±4.10
UDP 73.2 ± 4.01
GDP 97.4 ± 2.49
CTP 135 ± 11.9
ATP 91.6 ± 5.42
UTP 97.9 ± 5.79
GTP . 95.3 ± 8.56
Values are mean ± S.D. of 8 determinations
Table 5.9 Distribution of 14C-ATP radioactivity (% initial)
RBC : TCA ratio Frontal AMP ADP ATP
1 : 1  27.6 0 17.6 54.7
1 : 2  1.3 1.3 2.9 94.4
1 : 3 0.1 0.9 2.5 96.5
Control* 1.0 1.0 3.0 95.0
* The control was ^C-ATP in water extracted with 12% TCA (1:2)
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Recovery studies with radiolabelled nucleotides.
Extracellular nucleotides
To further determine the extraction efficiency as well as check the
degree of hydrolysis of nucleotides caused by the acidic extraction
conditions. The recovery and distribution of counts following the
addition of ^C-ATP was determined. Using differing proportions of 12%
14TCA to red cells containing extracellularly C-ATP extracts were
prepared in the usual manner. Duplicate injections of each were made, 
0.5ml fractions of eluate collected and the radio-activity determined. 
The results are shown in Table 5.9.
In two further separate experiments the recovery and distribution of 
14
C-ATP added at the time of extraction was determined for 6 
independent extractions. The mean overall recovery was 97.3±4.1% and 
93.6±3.6% in the two studies. It was considered that some of the 
variability could have been due to differing residual levels of ether 
still remaining in the samples following the extraction of the TCA but 
warming the samples to 70°C for 1 minute did not significantly reduce 
this error. There was a difference in the % radioactivity recovered in 
individual nucleotide fractions. Thus the degree of variability in the 
level of hydrolysis observed appeared to be very small.
Recovery of intracellular radiolabelled nucleotides.
Red cell nucleotide pools can be labelled by incubation with either 
radio-labelled nucleosides or bases under appropriate conditions. If 
these radiolabelled nucleotides are considered to be uniformally 
distributed within the cell and homogeneous with the endogenous pool 
then a closer approach to a true recovery can be obtained.
Fresh packed RBCs (2ml) were incubated with 2.95ml of an 18mmol/l 
phosphate buffer (modified Earles Medium) to which was added 0.05ml of 
8-^0-adenosine (92nmol, 54nCi/nmol) for 60min at 37°C in a shaking 
water bath. At the end of the incubation period the mixture was cooled 
on ice and the 20Oui aliquotes of cell suspension were mixed with lOOul 
of 20% TCA and then extracted in the standard way. The nucleotides were 
separated by anion-exchange HPLC and 0.6ml eluate fractions collected 
and the distribution of radioactivity determined as described earlier. 
To determine total intracellular radioactivity, RBCs were centrifuged
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from three lOOul aliquots, washed 3 times with 3vol of ice-cold normal 
saline. After the final wash the cells were re-suspended in lOOul 
saline and 5Oui was pipetted directly into 5ml of scintillation fluid 
and radioactivity determined with external quench correction.
The recovery of both total counts and the % distribution of those 
counts for 10 extractions is given in Table 5.10.
Short term stability of extracts.
To determine whether differences in the time before a neutralised 
extract was frozen for storage or if variable periods at room 
temperature awaiting analysis could cause changes the nucleotide 
pattern following study was performed.
Fresh red cells were extracted with 10% TCA (Ivol + 2vol) following 
centrifugation the aqueous layer was extracted 3 times with 2vol of 
ether in the usual manner except that the final extract was warmed to 
60°C for one minute to drive off all the residual ether. The extract 
was kept at room temperature and analysed at hourly intervals.
The results are given in Table 5.11. There was no consistent change in 
either the concentrations of the adenosine nucleotides or the ATP/ADP 
ratio. It was therefore unnecessary to take an special precautions to 
protect neutralised extracts during the analyses.
Long term stability of pooled red cell extracts.
To evaluate the storage of nucleotide extracts over long periods of 
time in the frozen state, four different pools of neutralised TCA 
extracts were prepared, aliquoted and, other than the zero specimens, 
all were frozen at -20°C and analysed at the time intervals shown.
The results are given in Table 5.12. No attempt was made to minimise 
analytical changes by the simultaneous storage of standards etc. The 
first 4 dates were analysed on one column whereas the later two dates 
were on two different columns and quantified against different 
standard mixtures. Over the twelve month period the ATP content of the
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Table—5.10. Recovery of 14C adenosine labelled nucleotides etc. from 
red cells
Extract No % dpm in each peak *
NUC. AMP IMP ADP ATP TOTAL
1 50.5 0.22 32.0 1.35 14.65 98.7
2 49.9 0.2 33.7 1.59 13.35 99.8
3 50.4 0.5 30.6 1.59 14.39 97.5
4 48.0 0.3 30.7 1.61 13.72 94.3
5 47.8 0.2 31.8 2.21 14.27 96.3
6 44.4 0.25 33.5 1.46 14.26 93.9
7 46.6 0.2 32.9 2.00 13.52 95.2
8 52.9 0.1 31.0 2.21 14.20 100.4
9 50.9 0.15 32.3 2.62 14.20 100.2
10 48.3 0.1 30.6 2.29 15.21 96,5
MEAN 48.97 0.23 31.91 1.89 14.18 97.28
s. d 2.44 0.11 1.18 0.42 0.55 2.42
1 c.v. 4.99 49.5 3.70 22.6 3.85 2.49
NUC = adenosine, inosine and other bases frontally eluted 
* expressed as % of total intracellular radioactivity
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Table 5.11. Short term stability of neutralised TCA extract of RBCs
Time AMP ADP ATP ATP/ADP
h nmol/ml PRBC
0 8 117 1229 10.5
1 7 125 1225 9.8
2 7 116 1182 10.2
3 8 121 1222 10.1
Data mean of two samples
Table 5.12. Long term stability of neutralised TCA extract of red blood 
cells
nmol/ml PRBC
days AMP IMP NADP ADP GDP ATP GTP ATP/ADP
0 10*2 20*2 41*2 151*8 :19.5*1 1440*50 130*3 9.45*0.50
3 10*3 22*3 40*2 165*6.5 13*2 1395*36 138*21 8.46*0.41
14 12*2 34*4 36*4 166*10 17*3 1388*44 125*15 8.36*0.43
28 14*4 50*4 38*3 175*12 15*3 1367*76 115*10 7.81*0.51
2 months 15*3 30*5 34*3 164*11 14*3 1215*20 125*15 7.40*0.52
1 year 22*5 49*7 32*4 191*13 13*4 1188*59 113*19 6.23*0.44
Data is mean ± 1 S.D . of 4 separate pooled extracts stored at -4°C
except 1 year when n=3.
Data points have been rounded to the nearest whole number
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samples decreased by a mean of 17.5% although some quantitative 
changes could be observed over the first month these may have been 
within experimental error. However the more sensitive ATP/ADP ratio 
shows a similar percentage fall indicating that the changes were 
truely chemical in nature. Provided the nucleotide extracts are 
satisfactorily neutralised the nucleotide content ungoes only slow 
degradation. In fact over the course of the studies reported here the 
impression was gained that the samples were in fact more stable than 
found in this formal study.
Choice of internal standard(s).
Nucleosides degrade on storage and during extraction and are therefore 
not usually suitable as internal standards. For the present work a 
number of the internal standards described in the literature were 
evaluated. These include CMP, CTP and XMP but which were not considered 
suitable. Cyclic nucleotides e.g. cXMP were tested and have been found 
to be in many ways ideal. They have relatively good chemical stability, 
occur only in trace amounts in most tissues and they elute in the 
centre of many chromatographic systems unfortunately they are 
relatively expensive.
Methods for the identification of peaks in extracts.
The present HPLC systems produce relatively highly populated 
chromatograms, peak identification is therefore a problem. Peak 
identification in routine samples has relied principally on the use of 
retention time against standards. Additionally awareness of peak shape 
and relative peak size (pattern recognition) are important.
For extracts from unfamiliar samples peaks have additionally been 
identified by co-chromatography with authentic compounds plus 
chromatography under differing conditions (eg buffer pH, column).
Unusual peaks have also been studied by spectral characterisation of 
absorbance maxima and absorbance ratios techniques using two runs at 
differing wavelenghts typicdly 254 and 280nm. Occasionally for 
nucleosides enzymatic shifts have been used similarly nucleotides have 
been grossly identified by the loss of anionic character following 
incubation with acid phosphatase. The series detection modes discussed 
in the previous chapter have also proved valuable for identification of 
guanine containing nucleotides.
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5.2 QUANTITATIVE ANALYSIS.
Reproducibility of analysis of standard solutions.
For the anion exchange system the inter-assay reproducibility of 
consecutive injections (25ul) of a standard mixture (Inmol each 
nucleotide injected) is given in Table 5.13. For good reproducibility 
full loop injection, filling with >8Oui sample was essential.
Peak height reproducibility was less than that for areas whether 
determined manually or automatically. Areas automatically integrated 
were more reproducible than manually integrated (width at l/2h x h) 
except for NTPs when automatic baseline assignment during a rising 
baseline proved difficult. Small peaks e.g.CTP and those not completely 
resolved e.g.IMP, UTP, also had increased c.v.'s. The average 
inter-assay variation for integrator areas for 11 nucleotides was 2.3%.
Standard solutions analysed over 3months gave lower c.v.s when 
determined by area measurements, e.g. ATP—7.80%, CTP—3.58%, AMP—1.77%, 
IMP-5.24%. Such increases were attributed to retention time changes 
with column ageing and subsequent variations in assign ing the 
baseline. Changes in the reproducibility of peak height measurements 
were much greater than for area measurement which is consistent with 
this type of change.
Linearity
Using 254nm detection the linearity of response to increasing 
nucleotide concentrations was determined. Since gradient elution was 
being used peak areas rather than heights were determined. The results 
for a representative selection of nucleotides is shown in Fig 5.4. 
Responses were linear with increasing concentrations in the range 0 
- 100 umol/1 and correlation coefficients were high e.g 1.000 and .999 
for ATP and GTP respectively.
Reproducibility of the TCA extraction technique.
To determine the reproducibility of the extraction procedure multiple 
extractions of a RBC pool were prepared by the standard procedure. 50ul 
of cXMP was added with the TCA as the internal standard. Variability of 
the resultant chromatographic peaks was determined by automatic
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integration and is expressed in Table 5,14 as 1 c.v. of the mean.
For peaks accurately integrated the variance in area determinations was 
<4%. For small peaks e.g. GTP which is not only small but lies on the 
tail of the largest peak ATP the variance increased significantly to 
13%. As expected for such a study incorporation of an internal 
standard, which itself had a peak area variability of 2.84%, increased 
the overall error in the system to approximately 5%.
Table 5.13. Reproducibility of quantitation of standard injections of 
nucleotides*
Height Area
Manual Automatic Manual** Automatic
AMP 4.13 2.36 1.21 1.79
NAD 4.25 4.10 2.57 1.24
IMP 6.97 6.85 1.78 1.32
GMP 7.42 7.33 3.67 1.27
NADP 5.13 5.25 4.67 2.36
ADP 4.42 4.33 2.24 1.16
GDP 4.12 4.01 3.69 1.84
GTP 7.10 10.30 6.69 4.13
ATP 3.33 3.45 3.25 3.64
UTP 3.94 3.48 3.87 4.13
GTP 4.40 4.56 3.87 3.13
*
Expressed as 1 c.v. of mean data n-12
**
Area calculated from height x width at 1/2 height
Table 5.14. Reproducibility of nucleotide extraction technique as 
determined bv peak area variability
Variability %
Without I.S. With I.S
Frontal 11.06 11.09
AMP 1.74 3.62
NAD 2.32 4.10
IMP +GMP 5.44 8.06
ADP 2.88 4.92
NADP 3.58 3.94
GDP 6.34 6.24
ATP 2.84 5.06
GTP 13.00 14.90
For n=10 determinations of the same red cell pool
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Fig.5.3 Linearity of response for representative nucleotides with the 
anion exchange system and detection at 254nm
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Preparation of standard solutions
Since nucleotides are chemically labile with the breakdown products not 
easily distinguished from the nominal compound by standard analytical 
techniques, the production of standard solutions was complex.
Nucleotide powders were dried 'in vacuo' overnight and nominal lmmol/1 
solutions in fresh sterile water were then prepared. Each solution was 
then diluted 30-fold and the absorbance of each determined at the 
nucleotide's absorbance maxima according to published tables (Data for 
Biochemical Research 1974). From this the 'true' concentration was 
determined. The stock solutions (20nmol injected) were then 
chromatographed by the anion-exchange system and the composition of any 
breakdown peaks established. From these two sets of data the actual 
composition and concentrations of the stock solutions was calculated. 
The results of a typical procedure is given in Table 5.15
For routine work mixtures of appropriate stock standard solution 
(40umol/l for each nucleotides) diluted with water were prepared and 
frozen in 1ml aliquotes. The stock solutions and the nucleotide 
mixtures were stable frozen at -20°C. One sample of standard nucleotide 
mixture was repeated^ analysed at intervals for up to to 22 months and 
the most significant changes observed were the degradation of 1% of the 
ATP to ADP and 2% degradation of GTP and GDP. In practice it was 
necessary to prepare new standards every six months or less.
It is clear from the data given in Table 5.15 that standard solutions 
based purely on molecular weight and the nominal composition supplied 
by the manufacturer can be grossly misleading. The adenosine 
nucleotides were the most consistently accurate. Guanosine nucleotides 
were found to be variable whereas uridine and cytosine nucleotides 
were usually only 90% pure. Similar variability affected the 
deoxynucleotides. Therefore for the highest accuracy additional checks 
on the solution as described here were essential.
Table 5.15. Composition of typical standard mixture
Compound Nominal * Actual** % COMPOSITION ***
molarity molarity Frontal NMP NDP NTP Othe:
AMP 1.04 1.04 <0.5 99.5 0 0 0
ADP 1.00 0.96 <0.5 3.0 94.0 0 1.1
ATP 1.01 1.05 <0.5 1.0 1.1 97.0 1.1
NAD 1.02 1.04
NADP 1.03 1.05
GMP 1.02 0.98 <0.5 99.5 0 0 0
GDP 1.03 0.98 <0.5 10.0 89.0 0 0
GTP 1.05 1.00 <0.5 1.3 11.7 86.5 0
IMP 1.03 1.01 <0.5 99.5 0 0 0
UTP 1.00 0.98 <1.0 2.1 5.9 90.1 <
WATER small
* Composition based on molecular weight
** Molarity determined from absorbance and published tables. 
*** % composition based on the total integrated peak area.
P/ ie 155
5.3 DISCUSSION
Although much data on the nucleotide contents of a wide variety of 
cells and tissue have been reported (see Perrett 1987, Williamson and 
Brosnan 1974) relatively few authors have evaluated their extraction 
procedures and particularly those using HPLC have accepted procedures 
developed for other assays somewhat uncritically. Even though red cells 
are easily obtained few authors (Brown & Miech 1972,Chen, Brown & Rosie 
1977, Van Haverbeke & Brown 1978, Ericson & Verdier 1981) have 
evaluated their procedures. Often extraction optimisation has been 
confused with chromatographic optimisation (e.g. Payne & Ames, 1982, 
Reiss et al. 1984, Hammer et al. 1988). Studies of the more difficult 
task of extraction from tissues have been performed (e.g. Faupel et al. 
1972, Riss et al. 1980, Hearse 1984). In general, these have used acid 
précipitants which is in contrast to the use of organic extractants 
popular for isolated cells, e.g. Dhpole and Hanks (1973) used 23% 
chloroform at 98° C to extract ATP from E. Cpli, Shryock et al.(1986) 
employed 80% MeOH with EGTA or EDTA at 70°C to extract cultured 
endothelial cells. Others have found it necessary to combine both 
organic and acidic procedures e.g. TCA/methanol (Lush et al. 1979), 
formic acid/1-butanol (Olemske-Beer & Freese 1984). To compare the 
present optimised procedure with these others is difficult since others 
have used either different materials, different cells or only evaluated 
their method for recovery of one added nucleotide usually ATP. So the 
separate experiments-performed here will be discussed both against the 
literature background and the ideal criteria given in the introduction.
PGA and TCA are the classic reagents for nucleotide extraction and 
early reports stated that they gave comparable results (Brown & Miech 
1972). These authors did not observe the losses of nucleotides reported 
here which are due to adsorption onto the potassium chlorate 
precipitate, particularly that formed on storage. Although this finding 
has been disputed by others working with HPLC extracts (de Korte 
personal communication). Wiener et al. (1974) working with a firefly 
assay for ATP showed that using 10mmol/l ATP standard solutions 
dissolved in 0.8mol/l PCA could lose upto 50% of the ATP by 
co-precipitation but the loss from tissue extracts was only 2-10% due 
to the higher starting amounts of nucleotides (and possibly the 
presence of competing ions). Both Chen et al. (1977) and Brown et al.
(1982) reported only 85% recoveries for nucleotides using PCA which was 
removed by precipitation rather than tri-n-octylamine/freon extraction. 
Riss et al. (1980) reported a mean 78% recovery for 12 nucleotide 
standards by a PCA-KOH procedure. The concensus of opinion is that the 
acid extractants, PCA and TCA, are probably equally efficient but it is 
the removal of the excess acid that is critical for good recoveries and 
the use of PCA-KOH is unacceptable.
Regardless of the acid employed the present studies show that a careful 
balance between amount of acid to completely remove protein, the 
maximum amount not causing nucleotide degradation and the minimum 
volume necessary to solublise the intracellular contents must be 
obtained. Such a relationship has not been previously investigated 
although fortuitously many older recipes are near the finally selected 
conditions of Ivol RBC's :2.5vol 12% TCA slight deviations from these 
values cause only small changes but larger movements can cause 
significant errors due to either acid hydrolysis of higher nucleotides 
(by >20% TCA or ratios above 1:3) or poor solublisation (ratios <1:2 
and <10%TCA). Compared to thse ratios the new procedure can increase 
yields by upto 10%. Van Haverbeke & Brown (1978) reported that a TCA 
concentration of >9% was necessary for optimum recovery of added 
extracellular AMP, CMP and GMP however they only used a 1:2 (RBC*acid) 
ratio. The studies of protein removal from cells or tissues has not 
been previously reported but the data presented here is in accord with 
that of Blanchard (1981) who found that 200ul of 10% TCA removed 99.8% 
of the protein from 1ml of plasma. TCA was equally efficient under the 
optimum extraction conditions reported here. In the nearest similar 
study Pologotti & Santi (1982) stated that significant amounts of 
protein (>2mg/ml) were found when methanol extraction was used to 
isolate nucleotides from L1210 cells. Additionally enzymatic activity 
may persist in methanolic extracts (Reijenga et al. 1986).
In a critical study, Lundin & Thore (1975) compared 10 different 
methods for the extraction of ATP, ADP and AMP from bacteria prior to a
firefly assay and concluded that 0.51mol/l TCA with 17mmol/l EDTA in a
ratio of Ivol sample (cell culture) to 1.2vol extractant best reflected 
the actual ATP, ADP and AMP levels since it gave the highest yields. 
Although the addition of EDTA to eliminate enzyme activity is effective 
for HPLC it leads to a number of major interfering peaks (see fig 6.9)
and it is preferable to employ a mixed acid/methanol extractant (Lush 
et al. 1979). The lower enzyme activity in most blood cells means that 
it is unnecessary to include either EDTA or methanol. . i
Removal of the excess TCA has been traditionally performed using ether 
however the method of Khym (1975) or variations of it (van Haverbeke & 
Brown 1978) have recently become more popular. Both methods remove TCA 
effectively however the amine method is more efficient (Table 5.5). 
Nevertheless I have continued with ether extraction since it more 
convenient, the reagent does not need to be freshly prepared and 
recoveries of nucleotides are more consistent. Since the extraction 
works in a manner analogous to ion-paired HPLC not only does the amine 
pair with (neutralise) the TCA but it also pairs with the nucleotides 
according to the number of phosphate groups and these ion-pairs may 
also be lost into the organic layer. Van Haverbeke and Brown (1978) 
recorded recoveries of triphosphate nucleotides as low as 25% unless 
greater care was taken in titrating solutions. No such problems occur 
with ether although the procedure is more tedious and therefore 
benefit from the inclusion of an internal standard.
Stability of nucleotides in whole human blood provided the red cells 
are isolated and extracts prepared with 30min of venepuncture is good 
and any changes cannot be quantified on isolated nucleotides. This 
high degree of nucleotide stability is unlike other tissues and is in 
accord our earlier data (Dean et al 1978) and that of Ericson and de 
Verdier (1981). The latter found that concentrations of ATP, ADP and 
AMP showed least change on storage at 23°C for upto 6 hours although 
this did not appear very different from storage at 37°C except that 
2,3-diphosphyglycerate declined rapidly. At 0.5°C a marked reduction 
in ATP was observed in as little as a hour. They interpreted these 
observations to suggest that inhibition of glycolysis at low 
temperatures leads to ATP production being unable to keep up with 
consumption. However the resting RBC is not a large consumer of ATP 
and ATP synthesis results mainly from purine salvage. They also 
demonstrated that RBC nucleotides levels were maintained if blood was 
frozen in dry ice and then thawed by addition of warm PCA. Other 
procedures i.e. washing the red cells, storage red cell, were 
detrimental to the correct determination of nucleotide content.
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Changes in the ATP/ADP ratio are a more sensitive indicator of the 
metabolic status of the cell than nucleotide concentrations alone and 
is more e a s i l y  and accurately calculated than the energy charge. In a 
typical human RBC extract I have calculated (Perrett 1987) that for an 
initial ATP/ADP ratio of 14, a 2% conversion of ATP to ADP, and if 
there is no further immediate degradation of ADP, causes a 24% 
decrease in the ratio and a 28% increase in ADP concentration. 
Although the ADP concentration changes ' most, the experimental error in 
its determination is also greater than that for the ATP/ADP ratio 
which is internally corrected. Using this parameter it is clear that 
human red cell nucleotides do fall even over the first hour and for 
other species these changes are dramatic particularly for the rat when 
only a few minutes caused as much as a 10% reduction the ratio. It 
would appear from calculation from published values (Bartlett 1970, 
1976, Brown, 1972) for adenosine nucleotides in many species that 
similar rapid degradations have occurred in their samples. It appears 
unsatisfactory to assume that red cell nucleotides, regardless of 
species, are stable and in order to obtain meaningful basal values, 
red cells should always be extracted immediately.
The above changes are enzymatic since changes due to acid hydrolysis 
are slight provided samples are neutralised quickly and stored as 
neutral solutions- findings in agreement with those of Brown and Miech 
(1972). Correctly prepared samples were stable to upto one year at 
-20°C.
Using the optimum extraction conditions the recovery of added 
nucleotides from red cell extracts averaged 97.7% for 13 nucleotides 
(Table 5.8) and was similar to that found with radiolabelled ATP 
(>96.5%). These recoveries are significantly better than those 
reported by van Haverbeke and Brown (1978) using TCA-amine 
when recoveries from RBCs ranged from 19% for ATP and 23% for GTP to 
87% for CMP in a study covering 9 different nucleotides. No other 
authors have reported recovery for erythrocytes however data for other 
tissues is available. Riss et al (1980) found recoveries averaged 90.8 
for the twelve common nucleotides using a TCA/amine procedure on 
powdered liver. On the same material and by the same technique Brown, 
Newton and Shaw (1982) state that overall recovery was about 99+10%. 
and Riss et al. quote a mean of 98.5% for 15 nucleotides. The present
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procedure gives identical values compared to those for other tissues 
but the reason for variation from the low recoveries of van Haverbeke 
and Brown is unknown.
As commented by van Haverbeke and Brown in 1978 such recovery studies 
'do not answer the cmcial question of the efficiency of recovery of 
the naturally occurring free nucleotides in cells. What percentage of 
the free nucleotide pool are we actually extracting. . .and are we 
extracting the same percentage for all nucleotide types'. Such 
questions and our inability to answer them completely are relevant to 
any measurement of any intracellular compound. To attempt to address 
these problems in this thesis the simple recovery of extra-cellular 
nucleotides as been complimented by a study of the recovery of 
radio-labelled intra-cellular pools. Measurement of the extraction. 
efficiency of nucleotides labelled by pre-incubation with 
14C-adenosine gave recoveries (97.3±2.4%) of the nucleotide pools 
which is identical to that found using non-radio labelled 
extracellular nucleotides (Table 5.8). This values apparently confirm 
that intracellularly and extracellularly determined recoveries using 
the optimum procedures developed here both give values approaching 
100%. However it may still be argued that the radio-labelling 
procedure does not label all nucleotides pools but only the most 
readily assessible ones and even NMR will not help confirm that 
hypothesis.
These exhaustive studies have concentrated on the red cell however 
such studies must be performed on all cells of interest if one wishes 
to optimise all analytical studies and time permits. In the present 
work the red cell studies have served to provide the rough details of 
the extraction procedures used with other blood cells.
Various nucleotides such as CMP (Brown et al.1982), XMP, XDP (Pruneau 
et al. 1982) and 5'-adenosine [-methylene] triphosphate, which elutes 
between GDP and ATP on anion exchange (Flodgaard et al. 1982), have 
been employed as internal standards. CMP was found to be difficult to 
resolve from a number of frontally eluting compounds when an 
ion-exchange system is used was used with cell extracts.
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6. QUALITATIVE AND QUANTITATIVE ANALYSES OF HUMAN BLOOD.
Once the relevant chromatographic methods had been developed and 
evaluated a series of studies to qualitatively and quantitatively 
examine a variety of cell types particularly human blood cells was 
performed using, mainly, the anion exchange chromatographic system.
6.1 Normal values
Erythrocytes
Normal Pattern: Heparinised blood was obtained by venepuncture from 
healthly individuals without evidence of either metabolic or 
haematolqgical disease. The red cells were separated and extracted as 
already described (Section 2.4). The haematocrit of the packed red 
cells (usually >90%) was determined.
Qualitatively the chromatograms obtained from normal individuals were 
similar to those published previously by others (see references to 
Table 6.12). A representative chromatogram of uv absorbing peaks in
normal human red cells is shown in Fig 6.1. As already described
(chapter 3.3) anion -exchange HPLC can resolve some 15 peaks in a TCA 
extract of normal erythrocytes although the exact number was dependent 
on the sample, the amount loaded and the resolving power (age) of the 
column. The major peaks were identified by the exhaustive procedures 
described in chapter 5. The nine main components were AMP, NAD, IMP, 
NADP, UDPC, ADPi GDP, ATP and GTP. UTP was identifiable and
quantifiable in only 14 subjects. ITP was not found in any of this
series. Additionally a few minor components were not identifiable. In 
particular the identities of a number of peaks that elute after ATP and 
can co-elute with GTP are unknown. These peaks are marked on Fig 6.1.
Of particular note was a minor component eluting near GTP (Rt =14.5 
min) . This peak can also be seen on the published chromatograms using 
anion exchange HPLC (de Korte 1985 1985, Simmonds et al. 1988) and 
traditional anion-exchange (Seta et al. 1981). On the present system it 
did not co-elute with ZTP (5-amino-4- imidazole- carboxamide riboside 
triphosphate) which eluted near UTP. Bartlett (1968) suggested that 
Fe-nucleotide complexes could elute here but this could not be 
confirmed since synthetic Fe-ATP gave only a single peak for ATP. Under 
the anion-exchange conditions employed iron was probably preferentially
chelated by the phosphate in the gradient buffers, the same would apply 
to metal chelates in the samples. Todate it has not been identified by 
any group ; it may of course not be a nucleotide.
For erythrocytes the ion paired system using TEA did not qualitatively 
change the nucleotide pattern significantly although peaks eluted at 
different relative retention times however the system did present 
increased problems of peak assignment (see chapter 3).
Normal values : The nucleotide concentration of red cells was calculated 
by reference to standard solutions, the internal standard and corrected 
for the haematocrit. When it was not possible to include an internal 
standard the nucleotide concentration calculated as follows, which 
allows for both red cell water and trapped plasma. For human red cells 
(n=6) the intra-cellular water content was determined by change in 
weight on freeze drying corrected for trapped water by isotope dilution 
(■^C-PEG) to be 66.3 + 3.2%. This mean value was used in the formula.
nmol/ml PRBC ■= (TCA volume + red cell water + trapped plasma) x [nuc]
■= (y + 10 x h x 0.66 + 1000 -lOh) x [nuc]
- F x [nuc]
where y - mis of TCA used to extract 1 ml of cells 
h = % haemocrit 
[nuc] = concentration of nucleotide in injected sample.
Using this formula factors (F) for the commonest range of haemocrits 
was constructed so that concentrations in red cells were calculated.
% Haemocrit 94 90 87 85 80
F 2858 3000 3115 3196 3417
Quantitative data on the nucleotides of human red blood cells which had 
been collected, extracted and analysed under the optimum conditions is 
given in Table 6.2. A total of 84 normal individual red cell extracts 
have been analysed and included in the data. The mean age of the 
subjects was 27.6+ 13.5 years (+lsd). with an age range from 1 month to 
65 years and the sex distribution was 41 males and 43 females. The raw 
data for table 6.1 forms appendix 3.
Fig 6
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.1 Anion-exchange chromatography of the nucleotides in a TCA extract 
of normal human red blood cells.
Table 6.1. Summary of Nucleotide content of normal human erythrocytes
determined bv anion-exchange HPLC
Nucleotide Mean s.d. s.e.m. N*
nmol/ml PRBC
AMP 13.6 11.5 1.28 81
NAD 69.6 33.3 4.02 69
IMP 15.2 13.5 1.98 47
GMP 6.7 6.8 1.15 35
ADP 151 44.9 4.89 84
NADP 59.1 29.7 3.60 68
UDPG 16.4 18.5 6.55 8
GDP 18.4 22.7 2.70 71
GTP 11 1
ATP 1371 292 31.9 84
UTP 22 13.0 3.62 13
GTP • 41.1 19.9 2.27 76
ATP/ADP 9.62 2.99 0.32 84
total AXP 1536 313 34.2 84
E.G. 0.94 0.018 0.002 84
* Total number of normal red cell analysed was 84 where this value is 
lower it means that the peak was either not present in some sames or 
poorly resolved and therefore not quantified, for this work.
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Normal variations in red cell nucleotide levels.
The distribution of values for ATP, GTP, ADP and E.G. is shown in fig
6.2. For the majority of the other nucleotides the data was also 
distributed in an approximately normal manner. Equally thé derived 
values ; total adenosine nucleotides and ATP/ADP ratios were normally 
distributed. A number of correlations between red cells nucleotides 
could be observed. In particular ATP concentrations for the group as a 
whole correlated strongly p>0.01 with NAD, ADP, NADP concentrations and 
less strongly with p>0.05 with GDP and GTP concentrations. The 
strongest correlation was with ADP when [ATP]=0.059[ADP]+70.9 (r=3.78).
Table 6.2 gives the nucleotide content from two equal age matched 
groups of either sex where reasonably complete data sets had been 
obtained. There was no significant difference between the nucleotide 
content of red cells obtained from male and female subjects. What 
differences are shown e.g.UDPG derive from the small numbers of data 
points for that nucleotide.
Intra - individual variation over a period of a few days was within the 
variation of the assay. Longer term changes were also studied. Table 
6.3 shows the intra-individual variation in nucleotide content of red 
cells with age for four individuals over a period of three years. There 
were no consistent changes. Although in three of the four subjects ATP 
levels declined over the period of the study. For the group as a whole 
there was no correlation of any of the nucleotide concentrations or 
derived data with age. For example for ATP the calculated correlation 
with age was AGE = 3.77[ATP] + 1248 (r=l.61 p=0.11) . Fig 6.3 shows the 
scatter of red cell ATP concentration against age for the group as a 
whole.
Using the fluorescent derivatisation procedure the adenosine nucleotide 
pattern of red cells could also be determined (Fig 6.4). However 
attempts to measure the intracellular levels of adenine and adenosine 
were less satisfactory. In three experiments neither compound could be 
detected free within human red cells even in the presence of 
deoxycoformycin.
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Table 6.2. Summary of mean nucleotide content of ervthrocvtes from male 
and female subjects.
Nucleotide
AMP
NAD
IMP
GMP
ADP
NADP
UDPG
GDP
ATP
UTP
GTP
N
Age
Male
nmol/ml PRBC 
11.3+7.6 
58.4+29.0 
13.5+13.1 
7.0+8.8 
135.3+31.5 
55.4+26.5 
3.0 
13.5+6.0 
1305 +240
18 +10.7
35.3+12.8 
33
27.4+11.6
Female
17.8+15.3^ 
60.5+27.1 
14.7+12.0 
7.4+4.1 
149.1+53.7 
58.8+32.4 
12.6+13.3 
24.2+36.3 
1328 +351
22.9+15.4 
46.2+27.3 
33
29.6+15.1
*
Data mean + l.s.d.
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Fig. 6.2 Histograms of the distribution of normal red cell values for A) 
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Table 6.3 Intra-individual variation in red cell nucleotides
Subject Year AMP NAD ADP NADP
nmol/ml
GDP
PRBC
ATP i GTP
1 male 0 21 60 146 33 10 1360 39
1 24 78 186 55 19 1282 18
2 7 40 90 46 1 1057 15
2 female 0 18 66 183 22 15 1453 51
1 32 nd 180 33 nd 1160 nd
2 21 nd 132 nd nd 1100 nd
3 female 0 53 68 218 nd nd 1370 39
1 25 nd 175 nd nd 1400 44
2 6 74 185 nd 11 1360 nd
4 male 0 6 nd 85 53 31 1360 144
1 7 nd 135 35 32 1195 145
3 8 nd 166 27 27 1160 137
nd not measured
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Comparative Animal Studies
This section describes both qualitative and quantitative studies on the 
nucleotide content of red cells from a variety of species. Some of the 
dynamic aspects of their change in concentration with storage have 
already been reported (fig 5.2). Fresh blood from those animals 
maintained in the Pathology animal house at St. Bartholomew's Hospital 
was kindly collected by Mr. Ken Mansfield. Senior Technician.
Non fasting blood was obtained from the tail vein of mature wistar rats 
(wt. 200 -250g), from the ear vein of New Zealand white rabbits (wt. 
2500 - 3500g), from guinea pigs (wt. 150-200g) by heart puncture, from 
mice and white domestic pigeons. The blood was collected into 
heparinised tubes and immediately extracted in the manner as for human 
red cells. The extracts were made at approximately 5min following 
venepuncture for the red cells.
Representative nucleotide profiles of 'immediately' extracted red cells 
obtained by anion exchange HPLC for four of the species studied are 
shown in Figures 6.5 (a-d) . For visual comparisons the same volume of 
extract equivalent to approximately the same number of red cells was 
injected in each case. All extracts contained similar nucleotides to 
those of man with the adenosine nucleotides dominant! Although there 
were minor differences in the nucleotide patterns the only consistent 
difference was the appearance of a significant UTP peak in the pigeon 
red cells.
Quantitative data on the red cell nucleotide levels in the animals 
studied is given in Table 6.4. In all cases the cells had been 
extracted as fast as possible to limit the degradative changes already 
described. Other than for the rat, of the animal studied the nucleotide 
levels were consistent although, as already shown, their rates of 
degradation differed considerably. Levels of nucleotides in the rat 
were substantial lower than in man or the other animals. In nearly all 
species the GTP levels were higher the ATP/GTP ratio therefore smaller 
than in man.
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6.5 Comparative nucleotide profiles in A) Mouse B) Guinea Pig C) 
Pigeon and D) Rat obtained by anion exchange HPLC.
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Table 6.4 Comparative red cell nucleotide levels in various species
AMP NAD IMP GMP ADP NADP GDP . ATP UTP GTP 
nmol/ml PRBC
Rat (n-9) 424:17 I5t3 33*9 9±2 133±25 42±11 24i7 794±91 nd 120*18
Rabbit (n=3) 21 50 16 5 85 47 20 1056 nd 210
Mouse (n=3) 17 181 31 1 115 22 17 1203 nd 231
Pig 1 25 90 nd nd 260 133 40 1900 nd 89
Pig 2 20 87 nd nd 130 89 49 1260 nd 140
Guinea Pig(n=3) 9 113 79 12 155 80 46 1050 0 16 '
Pigeon (n=3) 18 nd 21 79 nd 41 45 2580 199 323
Man (n=84) 13*11 69*33 15*13 6*6 151*44 59*30 18*22 1371*293 - 41*20
Values are mean or mean* Isd for numbers of samples shown. 
nd not detectable
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Platelets
Platelet rich plasma (PRP) was obtained from 10ml of heparinised blood 
of normal individuals by slow speed centrifugation (500g, 10min,
Mistral 4L) at 4°C. 2 to 3ml of PRP was obtained in this manner. An 
aliquot (200ul) was then counted using a Coulter Counter by the 
Department of Haematology, St Bartholomews Hospital. The PRP contained 
>98% platelets and <2% other cells by this procedure.
A known volume of PRP was then centrifuged at 2000g for 5min in a
graduated glass centrifuge tube to produce a platelet pellet, the
plasma was removed, the tube was re-centrifuged and the remaining
plasma removed. To the platelet pellet was added an appropriate volume
8
of ice-cold 10% TCA. This was 200ul per 10 cells plus 50ul internal
standard. The cells and TCA were then mixed vigorously but usually this
was insufficient to completely break Up the pellet and the mixture was
finally homogenised at 15000 rpm in a micro Ultra-Turrax homogeniser.
The aqueous acid extract was then extracted in the usual manner and the
oneutral solution stored at -20 C until analysis. Analysis was by anion 
exchange HPLC.
Fig 6.6 shows a typical normal nucleotide pattern from platelets : 
obtained by anion exchange HPLC. Quantitative data is given in Table
6.5 and compared to that for RBCs, lymphocytes and leucocytes. The 
most notable data for the platelets is the lowering of the ATP/ADP 
ratio by the granular pool of ADP.
Mononuclear leucocytes
Mononuclear leucocytes (lymphocytes plus monocytes) were prepared by 
centrifugation through a Ficoll/Hypaque density mixture. 10ml of fresh 
acid citrated blood was carefully layered on to 12 ml of the Ficoll
3 ,
mixture (1.077g/cm) according to the manufacturer's instructions 
(Pharmacia or Sigma) and centrifuged at 1000g for 15min. The cells at 
the interface were collected and the red cells lysed by hypotonic shock 
(2ml of water was added mixed for 30s) followed by 2ml of 2x normal 
saline to restore isotonicity. The cells were gently spun (500g
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Table 6.5. Nucleotide content of normal human platelets. Leucocytes and
lymphocytes
Nucleotide Platelets Leucocytes Lymphocyt
(n=20) (n=5) (n=15)
,
nmol/10 cells
AMP 2.7±0.6 31*20 16*7 *
NAD 5.3*0.5 nd 40*8
IMP 0.5*0.2 nd 10*4 :
GMP 0.7*0.1 nd 6*3
ADP 31.0*2.4 122*40 148±60
NADP nd nd nd
GDP 3.6*0.6 62*16 22*9
GTP 2.0*1 nd 60*18
ATP . 48.3*4 1160*224 2488*1049
UTP 4.9*0.7 149*87 259*119
GTP 6.7*0.5 258*49 383*181
ATP/ADP 1.55 10.85*3.55 17.6*8.1
*
Data mean * l.s.d. 
nd not determined
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6.6 Anion-exchange chromatography of the nucleotides in a TCA extract 
of normal human platelets.
Imin
Q
6.7 Anion-exchange chromatography of the nucleotides in a TCA extract 
of normal human lymphocytes
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10min)and then resuspended in PBS (5ml). An aliquot was counted by the 
routine haematology laboratory. The cells from a known volume were 
pelleted by centifugation 2000g 10min and extracted with additional 
homogenisation as for platelets. Analysis was by anion-exchange HPLC.
Quantitative data for 5 subjects is given in Table 6.5 and compared to 
that for RBCs, platelets and leucocytes.
Lymphocytes
Lymphocytes were harvested as for leucocytes except that the blood was 
not transferred into heparin tubes but into a 100ml glass conical flask 
containing a dozen 2mm diameter glass beads. The flask was gently
swirled to remove fibrin and platelets until the beads did not clink
any more (3-5min). An equal volume of phosphate buffered saline (pH
7.2, PBS) was then added and the mixture layered onto Histopaque 
lymphocyte preparation medium (Sigma) and centrifuged at 400g for 30min 
at room temperature. The lymphocytes were harvested from the interface 
using a pasteur pipette and diluted with 10ml PBS. Following 
centrifugation at 250g for 10min at 4°C the cell pellet was resuspended 
in 1ml water for no more than 30s to lyse red cells and then 1ml of 
twice concentrated PBS added. An aliquot of this mixture was counted 
and a TCA extract of 1 x 10^ cell prepared as for platelets. The 
lymphocyte yield was 10-20% of that in the whole blood and the final
preparation typifiolly contained less than 1% platelets.
Fig 6.7 shows a chromatogram from a typical human lymphocytes extract, 
obtained by anion exchange HPLC. Quantitative data for 15 normal 
subjects is given in Table 6.5 and compared to that for RBCs, platelets 
and leucocytes. Figure 6.8 shows the adenosine nucleotides of normal 
lymphocytes obtained by dérivâtisation with chloracetaldehyde the 
advantage being that only the extract injected was equivalent to 
approximately 10^ cells compared to 10^ cells used with uv detection.
Plasma
Blood (5 - 10ml) was carefully collected into heparinised tubes which 
additionally contained a minimum of 1 ug of deoxycoformycin per ml of 
blood to inhibit adenosine deaminase activity and immediately (<10min)
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the plasma was obtained by centrifugation at 2000g for 10min at 4°C. 
Plasma was then stored at -20°C until analysis.
Nticleosides, bases and possibly nucleotides were extracted by adding 
1ml of plasma slowly with mixing to 1ml 5% TCA (Blanchard, 1981), 
centrifuged at 2000g for 10min at 4°C and the excess TCA removed with 
water saturated ether. Occasionally nucleosides were obtained by 
centrifugal ultrafiltration through <10,000 mol. wt. membranes using an 
Aimer ultrafiltration system. Approx. 1ml of plasma was pipetted above 
the membrane and the ultrafiltrate (approx. 300ul) was collected 
following 20min centrifugation at 2000g and 4°C. Extracts and 
ultrafiltrates were stored at -20°C until analysis.
Nucleosides and bases in plasma extracts were determined by reversed 
phase HPLC with either UV detection alone or UV and electrochemical 
detection in series. Adenosine, adenine and adenosine nucleotides in 
TCA extracts of plasma were determined following derivatisation to 
their respective N6-etheno derivatives has described previously.
Fig 6.8 shows a typical extract of plasma following derivatisation. 
Table 6.6 presents the plasma adenine and adenosines in plasma and 
serum from normal adult subjects and in the plasma of a group of 
patients with rheumatoid arthritis. Concentrations of both adenine and 
adenosine rose significantly if the blood was allowed to clot in the 
presence of deoxycoformycin.
Interferences : A number of interferences with the assay have been noted 
when working with cell extracts. As already mentioned cell extracts 
analysed by anion exchange chromatography or RPLC exhibited a few small 
TCA related peaks and these were present in all batches of TCA tested. 
The problems associated with the phosphate gradient and the quality of 
the water used to elute anion exchange columns have been described 
[section 3.4.]. Both Ficoll/Hypaque and EDTA may contaminate blood 
cells and examples of their chromatographic products are shown in Fig 
6.9 a & b respectively. Some non-nucleotides are also observed, for 
example, ascorbic acid elutes close to CMP on the ion-exchange system 
and can be identified in lymphocyte preparations Fig 6.9 c.
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Table 6.6. Levels of adenine and adenosine in human blood
N Adenine adenosine
nmol/1
This study-
Normal Plasma 14 741*262 627*301
Serum 23 5521*1892 5572*3529
RA Plasma 9 668*303 707*373
Literature data
Normal plasma 6 16000*7000 200*50 Kuttesch et al. 1978
Normal plasma - nd 150*30 Sollevi 1986
Normal plasma 11 nd 506*142 Capogrossi et al.1982
Normal serum 5 nd 5663*1716
Il I It H
Normal plasma 5 nd 290*80 Sato et al. 1982
N *= number of subjects 
nd = not determined
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Fig.6.8 Plasma adenine compounds determined by 
fluorescent derivatisation with 
chloroacetaldehyde. Column 4.6 x 100mm 
ODS-hypersil. TBAHS ion pair 
concentration 0.lumol/1. Other 
conditions as per methods. Tubercidin 
was the internal standard.
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Min 0 5  i  0 5 Min
Pattern of interfering peaks caused by A) Ficoll-Hypaque (4ug 
injected) RT. 6.72min and 9.9min B) EDTA (lOnmol injected) RT.
7.18min and 9.3min C). Ascorbic acid (25nmol injected) RT 1.84min 
in the an_ m  exchange gradient HPLC of nucleotides.
Page 179
A  r
6.2 Nucleotide Levels in Disease
In-bom errors related to purine metabolism and immunodeficiency 
The developed systems have been used to study four patients with severe 
combined immunodeficiency associated with defects of purine metabolism 
(3 with ADA deficiency, 1 with PNP deficiency).
Patient ADAl : A male first child of unrelated parents was born 
(birthweight 3.4kg) after an uneventful pregnancy. At 3weeks of age was 
found to have very low T and B cell numbers and undetectable levels of 
IgA and IgM. A dagnosis of SCID was made and later a finding of 
negilible ADA activity in his lysed erythrocytes was made 
(<lnmol/mgHb/h compared to normal 40-100 nmol/mgHb/h). Following 
unsuccessful transfusions and a maternal mismatched bone marrow 
transplant he died aged 15months.
Patient ADA2 : also the first child of unrelated parents presented at 1 
month with streptococcal septicaemia. SCID associated with undetectable 
levels of red cell ADA levels was confirmed at 8 weeks.
Patient ADA3 : The second child of unrelated parents presented at 
3 weeks with a chest infection and low B and T cells. A diagnosis of 
SCID associated with low red cell lysate ADA was made. At 5 months she 
received a HLA identical bone marrow transplant.
In patients with ADA deficiency the most notable finding was the 
appearance of double peaks in the position of ATP (Fig 6.10A).
Co-chromatography with authentic deoxyATP, periodate oxidation of the 
ribonucleotides and derivatisation with chloroacetaldehyde all 
confirmed that the peak in question was deoxyATP. Additionally the 
presence of dADP and dAMP can be observed eluting immediately after the 
corresponding ribonucleotide. A reciprocal relationship between ribo- 
and deoxyribo- nucleotides was apparent. The sum of ATP and dATP 
approximated to the level of ATP found in normal red cells and when 
dATP levels decreased under treatment ATP levels rose. In part this 
may have resulted from differences in the red cell pools following 
transfusion. There was also a slight decrease in GTP levels, which 
increased on treatment. Levels of other nucleotides were normal.
/
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A variety of experimental therapies were tried in these children but 
the treatment referred to here was that of enzyme replacement therapy 
by exchange transfusion of irradiated red cells. It is clear that red 
'cell ADA activity was readily transfused and that it decreased the 
accumulated deoxy nucleotides rapidly (fig 6.10B). In one case (ADA3) 
when it was possible to measure red cell nucleotides on the day 
following transfusion no deoxy nucleotides were detectable.
PNP 1. A male child of two distantly related parents was found to have 
no detectable PNP activity in peripheral or cord red cells shortly 
after birth.
PNP activity with either inosine or hypoxanthine as the substrate was 
not detectable. Gradient anion exchange HPLC of red cell extracts 
suggested the presence of an additional peak eluting immediately 
following GTP in the postulated position of dGTP (Fig 6.11B). An 
isocratic system which resolved that area of the chromatogram confirmed 
the presence of a peak co-eluting with deoxyGTP (Fig 6.11C). Subsequent 
studies with electrochemical detection following ion-paired RPLC 
confirmed the electroactivity of the dGTP peak (Fig 6.12).
Red cell nucleotides in other diseases relating to purine metabolism. 
Red cell nucleotide levels have been measured in blood collected from a 
number of patients with disorders related to purine metabolism 
including three patients with classical gout, 4 with partial HGPRT 
deficiency and one each wih PRPP synthetase superactivity and xanthine 
oxidase/sulphite oxidase deficiency. The results of these studies are 
tabulated in Table 6.9. In general none of these disorders were 
associated with gross changes to red cell nucleotides either
qualitatively or quantitatively. However in the cases of HGPRTase
deficiency examined there was an increase in red cell NAD and NADP
levels. There was an apparent increase in the numbers of patients with
measureable quantities of UTP.
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Fig.6.10 Anion exchange chromatography of the red cell nucleotides in a
child with adenosine deaminase deficiency. A. Pre- treatment and B . 
3days post red cell transfusion.
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Table 6.7 Nucleotide levels in 3 patients with ADA deficiency
ADA activity ATP ADP AMP dATP dADP dAMP GTP
nmol/mgHb/h nmol/ml PRBC
ADA 1
pre-treatment <1 823 135 7 946 114 4 20
14d post * 1010 98 10 110 12 2 . 44
60d post * 1326 267 17 109 25 - 41
ADA 2
pre- treatment <0.1 666 80 3 1478 84 10 23
14d post * 1818 170 10 98 20 - 41
60d post * 1264 135 3 66 - - 81
ADA 3
pre-treatment <0.6 760 135 30 750 116 15 56
14d post 47 832 poor 30 - - - 50
50d post 22 1133 133 16 - . - - 40
* not measured 
- not detectable
Table 6.8 Nucleotide levels in a patients with PNP deficiency
PNP activity ATP ADP AMP GTP GDP dGTP NAD
nmol/ml PRBC
PNP 1
pre-treatment v low 796 110 7 8 - 5 250
980 111 10 8 8 175
- not detectable
Page 183
C
P N P "  RBC 's +  d G T P
B
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0.01
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Fig.6.11 Isocratic anion exchange chromatography (high buffer only) of red 
cell nucleotides in a child with PNP deficiency. A), deoxy GTP 
marker B). 25ul of TCA extract of rbcs C). dGTP plus red cells .
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Fig.6.12 Red cell extract from child with PNP deficiency separated by 
ion-paired RPLC with electrochemical detection. Glassy carbon 
working electrode at +1.1V v Ag/AgCl.
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Red cell nucleotides in some other Disorders
A preliminary survey of red cell nucleotides in a number of patients 
with haematological and endrocine disorders was also made. The results 
for those with haematological disorders are given in table 6.10. Red 
cell nucleotide levels in 4 patients with hypothyroidism and 4 patients 
with hyperthyroidism were normal. In red cells from 2 cases of growth 
hormone defiency the nucleotide levels also fell within the normal 
range. Similar observations were also found in 3 diabetic subjects.
Cellular nucleotides in Rheumatoid Arthritis
As part of a Departmental study on the role of energy metabolism, free 
radical damage to DNA and immune function in rheumatoid arthritis (RA) 
a number of studies on the relationship between nucleotides and energy 
status in samples from patients with RA, osteoarthritis (OA) and 
related disorders have been undertaken.
Blood was collected from 10 patients with RA has defined by the 
American Rheumatism Association's criteria. All patients were being 
treated with non-steroidal anti-inflammatory drugs. Red cell 
nucleotides were extracted by the usual procedures and analysed by 
anion-exchange HPLC.
The results are shown in Table 6.11A. The mean age for the patient 
group was older than for the normal group by 30 years. For nearly all 
nucleotides there were significantly lower concentrations in red cells 
from RA patients compared to normals. Since the concentration in RA red 
cells was significantly lower (p<0.005) than that in controls for ATP, 
the calculated values such as ATP/ADP, total adenosine nucleotides and 
energy charge (Table 6.10) were also lower. Two patients, V.L. and R.L. 
had particularly low levels of ATP this was not due to degradation 
since the total adenosine nucleotide level was also low. Some of the 
difference may be due to sample differences. There were differences in 
sample number and sample age between the patient group and the control 
group.
Data on the plasma levels of adenosine and adenine in subjects with 
rheumatoid arthritis was included in Table 5. There was no significant 
differences between the values for normal subjects and those with 
rheumatoid arthritis.
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The nucleotide concentration in the cells obtained from synovial fluid 
was determined. Synovial fluid was collected into heparin at 
therapeutic knee aspirations from patients with rheumatoid arthritis 
and osteo-arthritis. Cells from a known volume of fresh synovial fluid 
were obtained by centrifugation (2000g, 10min). Cells were washed and 
red cells lysed by a 30sec hypotonic wash followed by restoration 
isotonicity with NaCl as described for leucocytes. The cells were then 
collected by centrifugation (2000g, 5min) and extracted with 12% TCA 
following the addition of 5Oui of internal standard (cXMP) and the 
extraction completed by homogenising with a micro ultra-turrax. Cells 
were counted directly in synovial fluid by light microscopy using a 
cell counting chamber. No attempt to isolate different cell types from 
synovial fluid was made.
Fig 6.IS shows the nucleotide pattern obtained by anion-exchange HPLC 
for the cells obtained from a typical synovial effusion. Table 6.11B 
tabulates this data. The nucleotide pattern of synovial fluid white 
cells which are a mixed cell population were similar both qualitatively 
and quantitatively to those already described for leucocytes and 
lymphocytes. However the ATP/ADP ratio was relatively low mean 4.6 but 
there were no disease related differences in the ATP/ADP ratio.
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6.3 DISCUSSION
The qualitative pattern of nucleotides in red cells was established 
during the 1960s by Bartlett using anion-exchange chromatography and a 
phosphate detection system. Although the assay must have been tedious 
the qualitative information obtained has not been significantly 
bettered since. Bartlett (1968, 1970) was able to resolve some 15 peaks 
from human erythrocytes of which 9 absorbed at 260nm. Using an improved 
version Seta et al. (1981) were able to resolve 19 peaks although some 
were nucleosides and bases rather than nucleotides and the analysis 
time was 75 minutes. Using the anion-exchange system developed here a 
maximum of 15 anionic (presumably nucleotide) peaks were found in human 
red cells (Fig 6.12). Some minor peaks are still unidentified but for 
such trace components this is technically difficult due to the 
differences in sensitivity between HPLC and physical techniques 
although in future diode array detection may help. Nevertheless minor 
peaks can occasionally be elevated to identifiable levels. Such a case 
is ZTP which accumulates in red cells from patients with Lesch-Nyhan 
syndrome by phosphorylation of ZMP an intermediate in the de-novo 
purine synthetic pathway (Sidi & Mitchell 1985).
Many early papers purporting to measure red cell nucleotide levels 
using chromatographic techniques were only methodological descriptions 
with a few examples appended. Only during the course of this study have 
values obtained by both reliable extraction techniques and high 
resolution chromatography on significant numbers of samples been 
reported, de Korte et al. (1985) published detailed results on 
different blood cell types whilst Simmonds et al (1988) included 
detailed data on red cell nucleotides in 15 normal individuals in a 
study on characteristic purine patterns in disease. Table 6.12 
tabulates literature values for human red cell nucleotides. Only values 
from chromatographic studies are included. The present study not only 
presents a more complete nucleotide profile but the largest group of 
subjects yet reported. ATP concentrations were given by all 11 groups 
and their mean level was 1375+191 nmol/ml PRBC which is exactly that 
obtained in the present study. The lack of any difference is remarkable 
since many of the precautions optimised here to maximum recovery etc. 
were possibly not followed by the other workers. For example Ericson et 
al. (1983) and de Korte et al. (1985) employed PCA/KOH to precipitate
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proteins which has been shown here to reduce nucleotide concentrations 
by an average of 10%. De Korte's data, though, is near the average for 
the series although they expressed their results per cell rather than 
PRBC whilst Ericson's data is near the top of the range. The low 
ATP/ADP ratio of Sidi and Mitchell (1985) was probably due to 
deproteinising by heating rather than acid precipitation. Also a number 
of these reports are not entirely independent of the present studies. 
Adair et al. (1988), Boulieu et al (1985) , Simmonds et al. (1988) and 
Reyman et al. (1985) employed chromatographic separations on 
APS-Hypersil based on methods developed in this thesis (Perrett 1982).
Table 6.12 could suggest that for ATP, at least, there are two 
populations with approx.1200 and 1500 nmol/ml PRBC respectively. 
Differences in sample processing was probably not the cause since the 
ATP/ADP ratios are constant. Such a dual distribution is not supported 
by the large population study reported here Fig 6.2. Mager et al.
(1966), in the only reported study of its type, found that human red 
cell nucleotides, radio-labelled in-vitro and then re-injected into the 
donor had half-lives ranging from 8-9 days for adenine derived 
nucleotides, 5-7h for guanine derived nucleotides and Ih for 
hypoxanthine derived nucleotides. This turnover is rapid in comparison 
to the half life of the rbc of 28 days (Geigy Scintific Tables). Since 
blood samples consist of rbcs of differing ages, the consistency of the 
nucleotide levels between laboratories must therefore be due to the 
consistency of the intra-individual levels.
This is the first occasion on which sufficient subjects have been 
analysed to allow some statistical correlates to be examined. 
Developmental changes in nucleotide levels have been reported 
previously in the rat (Hj elm & Artur son 1982). They observed that 
adenosine nucleotide levels fell in the erythrocyte over the first 3 
weeks of life and were then very stable but nucleotide pools increased 
in rat muscle and liver slowly up to 70 days. I am not aware of similar 
study from birth for human red cells but neither the inter-individual 
nucleotide content versus subject age nor the intra-individual changes 
versus subject age analysed here support such an observation. Although 
inreases in ATP content with increasing red cell density (approximating 
to reticulocyte count have been noted) . Equally the lack of a 
sex-related bias should be noted.
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Although the levels of nucleotides in human red cells was remarkably 
close to those reported by others, the quantitative data on other 
species was not. Relatively little accurate species-specific data is 
available. The detailed reports of Bartlett (1976, 1980) must be 
considered qualitative since many chromatograms exhibit low ATP/ADP 
ratios consistent with the type of change described in Chapter 5. The 
comprehensive comparisons of Brown et al. (1972) were unfortunately 
done on whole blood and on a low resolution pellicular chromatography 
system. They reported ATP concentrations of 1900, 4400, 2300, 3000 and 
2000 nmol/ml PRBC for rat, rabbit , mouse, pig, and pigeon 
respectively. However ATP/ADP levels were generally <5. An ATP/ADP 
ratio in the rat to be 1.2 and an ATP concentration of 1300nmol/ml PRBC 
can be derived from Bartlett (1976). Data on the adult rat red cell has 
been given by Hjelm & Artuson (1982) who using non-specific enzymatic 
procedures which can over estimate reported ATP and ADP levels of 1.9 
and .4 nmol/ml RBC respectively giving an ATP/ADP ratio of 4.75 
compared to 6.00 in the present study although the absolute levels here 
are' lower. The high ATP content and ATP/ADP ratio in the pigeon rbc 
wasalso observed by Brown et al (1972) and Bartlett (1978) who 
suggested that it might be a mechanism of modifying the cells oxygen 
affinity. As in the present results Brown et al. also noted the the 
signifcantly higher levels of GTP associated with relatively low 
GTP/GDP ratios in species other than man.
Literature values for the nucleotide content of other blood cells is
more discrepant and published values for platelets and lymphocytes are 
tabulated in Tables 6.13 and 6.14 respectively. The data found in the 
present studies are near to the mean of these values. The wide range of 
results may result from the technical difficulties involved with 
fractionating the cells. Errors in their quantitation may be due to a) 
errors in the homogeneity of the isolated fractions, b) ischaemic 
changes during isolation, c) errors in cells counting, d) cell 
treatment after isolation and e) cell viability at the end of the
isolation process as well as the extraction and analytical techniques
employed. The relatively long isolation times involved with 
fractionating the cells which for lymphocytes approaches 1 hour after 
venepuncture may cause to a reduction in the ATP/ADP ratio. Cell 
counting on isolated fractions is often less accurate than with whole 
blood on haematological counters. Platelet aggregation in PRP, for
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instance, would cause lower counts therefore higher numerical data but 
aggregation leads to losses of nucleotides thereby lowering their 
concentrations. Some workers e.g. De Korte et al. (1985) argue that 
isolated cells should be incubated in a glucose rich medium at 37 C for 
one hour after isolation to restore ATP levels and reduce 
inter-individual variations.
In platelets, two nucleotide pools exist (Holmsen 1965) one utilised 
for the normal metabolism of the cell and the second forming a storage 
pool which is released from the dense granules on aggregation. 
Approximately 50% of the ADP and 40% of the ATP can be released in 2min 
upon aggregation. The granule pool is NMR-invisible but acid 
extractable giving a significant difference in the ATP/ADP ratio 
compared to HPLC. The normal values found here Table 6.5 compare 
favourably with those of de Korte et al. (1985) and Leoneini et al. 
(1987) but for most nucleotides are 50% lower than reported by Goday et 
al. (1983) (Table 6.13). The ATP/ADP ratios were consistent with these 
published reports Although in this case it is a poor measure of 
metabolic energy status due to the granule pool.
The importance of using platelet-free preparations of lymphocytes has 
been demonstrated by Goday et al (1983) and confirmed by de Korte 
(1985). In agreement with these authors the use of defibrinated blood 
(in which the platelets are trapped in the clot) was essential to 
obtain lymphocyte extracts with ATP/ADP ratios >5. Clearly standard 
separations on ficoll density gradient produce mixtures of platelets 
and lymphocytes and the granule ADP pool in platelets increases the 
apparent lymphocyte ADP. The present values for lymphocyte nucleotide 
content are in good agreement with those of Goday et al. (1983) but are 
3-fold those reported by de Korte et al. (1985); the reverse of that 
found with platelets. The ATP/ADP ratio was 17.6 indicating little 
platelet contamination and is in accord with the other studies using 
defibrinated blood.
Page 197
cn m r-.
r~. oo co
ON ON ON ON
r - r—1 r-U i—i r—1 cn
r~- oo
ON f-U r—1 ON
r~. rU r-U i-U G G ‘ r—1
ON X Gi—i i—1 JJ JJ i—l
CO JJ JJ G G Go rU G G
u Cti 4J G G JJ
p G Ul G JJ P Ga JJ CO N kl •r-tUi G Vj rU 3 O U >NG W o O 2 p GCu O O 4= 00 o X3G CU iu U G G O
DC Dd cu 00 Q X) hJ e>
<v
o
oM*o
onu
'à
i
i
-j1
o
2
k
O
H2M
H2
O
U
M
QI—i
H
O
5
0
1
H
H
Dd
g
onM
3
g
c3
Z3Dy
.-)
cQ
s
T3
O
5
0)
2
o
2
Cd
H
3
D*
2
e-| cu
9 3
I
cu
Q
g
eu
H
2
Cu
H
O
Cu
g
I
CU
5
T)
c
T3
C
'Oc
•o
c
X)
c
3
X)
c
= =
ON VO VO
T-U
VO
VO r^. m ON
i—u rU T—1 i-U
X) X! XJ X
p P p p.
X) XJ X X
p P p P
ON
r—1 -d-
4t XJ 44
<r P -h CN
en rU
T—1
i-U
X) XJ X 44
c p p en
vo
X3 x> X 44
P p p rù
<J-
00 00
o
4Î en 44
O T—t On
44 -ft
CN CO r--. <h
<r VO
r .
i—l rU
-H ni 44ON rU m
44
’ ON -d- 00
1—1 r^ » 00
1—1 44 44
4< T-U oo 00
VO 44
ON en O-
m vo r-4
i-U -fi 44
44 XJ m r -
c
i—i
CN
r» ON
44 44
VO 44 oo CN
4f n-
CN m OO
en en m
ON -d"
en co r - vO
44 44 44 44ON m m O
1—1 en CN en
en <3"
oo
T—1 i—i
-H 44 44
ON XJ CN en
P
<r ON en
hJ
cu
Dd
3
CU
+
G\
X)
c
X3
c
X)c
3
X)
c
X)
c
X)
e
3
+i
rU
m
r*.
■H
CN
n
44
cn
<r
o
CN
O
cn
ON
On
r--
in
•k
oo
cn
in
<r
r—I
cn
VO
ut
m
m
o
CN
m
4Î
X)
C
CN
4l
in
X3
P
-H
ON
-H
VO
44
00
<r
CN
4)
r~
CN
Da
ta
 
ex
pr
es
se
d 
wh
er
e 
kn
ow
n 
as
 
me
an
 
± 
1 
s.
d.
* 
Da
ta
 
on
 
th
is
 
li
ne
 
ra
ng
e 
gi
ve
n 
by
 
au
th
or
s 
wi
th
 
th
e 
me
an
 
a
b
o
v
e
. 
nd
 
no
t 
de
te
rm
in
ed
 
or
 
no
t 
gi
ve
n 
in 
th
e 
p
ap
er
 
HP
LC
-I
E 
da
ta
 
ob
ta
in
ed
 
by
 
an
io
n 
ex
ch
an
ge
 
HP
LC
 
me
th
od
s 
RP
LC
 
da
ta
 
ob
ta
in
ed
 
by
 
re
ve
rs
ed
 
ph
as
e 
HP
LC
 
me
th
od
s
TA
BL
E 
6.
14
 
PU
BL
IS
HE
D 
VA
LU
ES
 
FO
R 
TH
E 
NU
CL
EO
TI
DE
 
CO
NT
EN
T 
OF
 
NO
RM
AL
 
HU
MA
N 
LY
MP
HO
CY
TE
S 
(n
mo
l/
IQ
-)
ce
ll
s 
AM
P 
AD
P 
AT
P 
GM
P 
GD
P 
GT
P 
UT
P 
UD
P 
UD
PG
 
IM
P 
CT
P 
GD
P 
NA
DP
 
NA
D 
AT
P 
No
 
Me
th
od
 
Re
fe
re
nc
e
Page 198
co CM CO UOr-~ 00 0 0 CO coOv OV OV CT\ oo
T—l i—l T—l T—4 O'
T—lr-4 T—l r-4tti cd
r—1 cdU 4J cd 4-1 T— l0) 0) .u <u cd
d 0) Qj 4-1Î4 <u 4J CUCO S-J Cfl Vjp—1 Vj Oo < 0) 54 cdu X3o 0) 0) <U OCO Q Oj X) O
M
oo
CM CM
rH
VO
'O
c
•d ' ,d  -d
c c c •g
-dc
-H
o
MT
•ti
c
•d
P
T3
C
-H
c o
r - .
•d
C
•d
c X)
c
ooo
o
•HO
vo
*d
C
•d
C
*d
C
CO
44
X) X X 4ic c C in
o T—l o
CM CO t— 4
44 44 X 44
CM CM c vo<r O r-4
T—l T-4
o l~- r~.
CO X t— 4
44 44 c 44O 0 0 OO CM in
CM t— 4 t— 4
oin i— 4 X CM
44 44 c 44
CM CM
T—l CM T— 4
in CO
X 44 44 T—lc O' 44
CM
o
o <r m
r-4 t— 4 t— 4
44 44 . 44 44
O O in CM
O' O in T—l
m in 0 0 0 0
o o < f
r 4 <r vo r -
44 44 44 44
O CO CM co
vo m o co
co
O t— 4 VO CM
T—l T-^ CM 44
44 44 4i '■4
O m co
<r CM <r
X)
C
or-
c o
o
VO
•vf
o
VO
X)
c
o
00
00
CM
r—1 0)
>
o
X rO
c cd
c
X cd
O c . 0)
in 5
«
O' 01 Xo O' rC o
44 VJ jdT—4 O' VJm ,2 0)
CM VJ E
O
r- t— 4 3 Vj u00 CO CU ►J
t— 4 X CO a Oj
O  ■ 44 Vj
T—l CO w 0 CL
t— 4 00 rC 01
CO t— 4 VJ 01 to
d rC c
O -H cd VJ cd
CM O' rd
t— 4 44 c % C o
CM Cti rO •r-i X
O CM 0) CU
E C c
01 01 C
« > > 0
cd •r-4 •r4
CO to to c
44 c cd
vo s 0) VJ
o to o
c c c Xo O' Cd
in <r Vj Vj X<r o 0) O 01<r r— 4 Vj 01 C
44 CU C Xo 00 r= 01 Cd<r 00 3 T-4 C VJ
<4 <r X
T—l CM X CO E o
<u Vj
o M 01 cd
o VO C/1 VJ VJ VJ
r- 44 01 01 cd
CM Q CO VJ c X X
X <T CL o
O H t— 4 X VJ X
O' CO 0) cd o
VJ c
o CO r- cd cd U
r- 1—4 44 VJ X X
vo cd X
o H r-4 X c
Page 199
Using the fluorescent derivatisation techniques developed here I have 
been able to readily quantify the levels of adenine and adenosine found 
in plasma. The method is both more specific and faster than the RPLC 
methods with UV detection of Ballard et al. (1986), which required 
18min to adenosine and Capogrossi et al. (1982), which required 12min. 
It also simultaneously quantifies adenine. There are few reports of 
adenosine assay by HPLC and values range from mostly neglible levels to 
those given in Table 6.6 when all groups employed ADA inhibitors. The 
inhibition of ADA with deoxycoformycin was essential for accurate 
values, adenosine has an in vitro half life of 3.5min in whole blood 
(Ballard et al, 1986). The values obtained for adenosine levels in 
normal subjects compare favourably with those reported in Table 6.6.
Even in the presence of deoxycoformycin I have been unable to quantify 
adenosine levels in red cell extracts where ADA levels are much higher 
than in plasma. Similarly the high sensitivity fluorescent assay could 
not detected adenosine nucleotides in plasma. Harkness et al. (1984) 
found concentrations of 13umol/l, 15 umol/1 and 2.5umol/l for ATP, ADP 
and AMP respectively in plasma collected into EDTA. These levels were 
claimed to be consistent with mechanical damage to platelets during 
sampling plus a component derived from ATP release near the peripheral 
circulation at the time of venepuncture. Only peaks for adenine and 
adenosine were detectable with the present ion-pairing HPLC assay. The 
reasons for this discrepancy are not clear but probably realte to 
sample preparation. The only other reported data on adenine levels in 
human plasma is by Kuttesch et al. (1978). They did not collect blood 
into an ADA inhibitor and found high adenine levels similar to those 
found here in serum suggesting, as for adenosine, loss of adenine from 
the red cell clot. However their values for adenosine are in agreement 
with others. One explanation of this would be that adenosine also 
leaked from the red cells but, because ADA was not inhibited, it was 
deaminated and the result is coincidental.
Disease Studies
In clinical medicine the chromatrographic systems developed here are 
most powerful when screening for in-born errors related to purine 
metabolism. However relatively few of the potential disorders cause 
changes to the red cell nucleotide patterns (Table 6.9). Simmonds et
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al. (1988), using a similar chromatography system to that developed 
here, have described, in detail, their successful use on a larger group 
of patients with a greater number of disorders than it was possible to 
study here.
Among the most characteristic changes observable by HPLC in disease 
studies are the appearance of dATP and dGTP in red cells from patients 
with adenosine deaminase (ADA) and purine nucleoside phosphorylase 
defiencies respectively. A 100% deficiency of red cell ADA occurs in 
15-20% of children with severe combined immunodeficency (SCID) and is 
characterised by a profound loss of B and T cell function leading to 
recurrent infections in the first months of life and, if untreated, 
death from overwhelming infection and sepsis before 2 years of age 
(Kredich & Herschfield 1983). Recently, Markert et al. (1988) have 
determined that the molecular defect is due to the deletion of 
3.3kbases which include the ADA gene promoter and first exon. In 
contrast PNP deficiency is characterised by a loss of T-cell dependent 
cellular immunity and the exact molecular defect is still unknown.
Soon after the first reports of ADA deficient children Simmonds et al. 
(1978) suggested that a primary function of ADA in normal cells was the 
detoxification of deoxyadenosine. Perrett & Dean (1977) showed, in 
vitro, that at concentrations (<7umol/l) adenosine would be a 
preferential substrate for red cell adenosine kinase rather than ADA. 
The present study has confirmed that the levels of both adenosine and 
adenine in plasma are <lumol/l and therefore adenosine would be 
phosphorylated to ATP. Changes in adenosine levels due to impaired ADA 
should have little significance in vivo and the consequence of impaired 
deoxyadenosine metabolism will be more important. The role of the 
erythrocyte in purine metabolism as long been considered to be one of a 
scavenger, gathering and concentrating low levels of nucleosides and 
bases from the blood stream and transporting them to other sites in the 
body (Berman et al. 1988). In the extreme situation, renal failure, 
grossly elevated levels of ATP etc have been observed (Dean et al.
1978, Rejman et al. 1985). In ADA and PNP defiencey this scavenging 
action leads to the accumulation of deoxynucleotides but not elevated 
levels of the ribonucleotide. The reduction in ribonucleotide levels 
found here occurs in most but not all cases of ADA deficency (Simmonds 
et al. 1988).
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In the three cases of ADA studied using the present techniques the 
accumulation of deoxy-nucleotides in the patient's red cells was 
diagnostic and the removal of these nucleotides with treatment was also 
characteristic. Unlike lymphocytes dATP does not appear toxic to rbcs 
probably since they are non-nucleated. The exact mechanism of 
deoxynucleotide toxicity to lymphocytes remains unclear and many 
mechanisms have been postulated (see Kredich & Herschfield 1983). Three 
which centre on the nuclear DNA are currently favoured. 1) Accumulation 
of S-adenosylhomocysteine (SAH) via inhibition of SAH-hydrolase by 
deoxyadenosine. The SAH then inhibiting S-adenosylmethionine-mediated 
transmethylation pathways in the lymphocyte causing loss of function.
2) dATP inhibition of ribonucleotide reductase leading to inhibition of 
DNA replication due to decreased levels of other deoxynucleotides 
particularly dCTP. 3) Recently an explanation based on DNA single 
strand breaks has been proposed by Seto et al. (1985) dATP causing 
either initiating of DNA single strand breaks or inhibition of their 
repair leading to programmed cell death.
In the case of PNP deficiency the accumulation of dGTP was noteable 
although this was not a significant peak when uv detection was 
employed. A more positive and confirmatory detection mode was 
electrochemical detection when the specificity of the detector plus its 
higher sensitivity was able to clearly measure the relatively small 
amounts of GTP and dGTP present. This deficiency was like ADA 
deficiency associated with a reduction in the level of the 
ribonucleotide.
Other than the inborn errors, the consistent interindividual 
concentrations of nucleotides was also apparent in most diseases 
studied. Surprisingly patients with gout and xanthine oxidase 
deficiency, where purine metabolism is by definition abnormal, did not 
exhibit any characteristic changes to their red cell nucleotides. In 
the cases of HGPRTase deficiency, which is associated with CNS 
disorders there were altered levels of NAD. The exact reason for the 
accumulation of NAD is unclear since the metabolism of NAD in the red 
cell '. is poorly understood. In other cells NAD is closely linked to 
poly(ADP)synthetase activity and PRPP levels (Carson et al. 1986).
The lack of generalised abnormalities in red cells even from patients
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with severe haematological disorders confirms, in general, the findings 
of Ericson & De Verdier (1983) who examined a series of anaemia 
patients and found that the only change was a slight elevation of ATP 
levels with reticulocytosis. They also found in a case of thalassemia 
levels of nucleotides below their reference interval. One report 
(Vives-cooron et al. 1984) found that pyrimidine 5' nucleotidase was 
reduced in thalessemia whilst adenylate kinase was also reduced 
compared to controls whilst in diseases associated with high 
reticulocytes and anaemia they were increased. Whether the changes 
recorded could affect purine nucleotide levels was not discussed but 
the were relatively small. The relationship of purine and pyrimidine 
metabolism to other red cell disorders has been summarisd by Valentine 
& Paglia (1980). Probably because of the relatively long half life of 
the rbc no changes in rbc nucleotides with physiological stress etc 
have been observed in the present studies although Darkness (1987) did 
observe changes in plasma hypoxanthine levels with excercise it was not 
possible to determine if the red cell was the source of the 
nucleosides. Similarly no changes in the levels of red cell nucleotides 
were found in a number of patients with hypo and hyper thyroidism nor 
were changes observed during the course of glucose tolerance tests.
Rheumatoid Arthritis (RA) is a common disease, particularly of women, 
characterised by synovitis and serositis (i.e. inflammation within 
connective tissue cavities), vasculitis and rheumatoid nodules leading 
to loss of joint function and joint space. It's cause is unknown but at 
present the major hypotheses are auto immunity, infection and a 
combination of the two. The arguments in favour of an autoimmune origin 
are the presence of rheumatoid factors and other autoantibodies ; marked 
lymphcytic infiltration into the inflamed synovium and immune complex 
deposition in the synovium. Blake and colleagues have proposed that an 
autoimmune mechanism may be free radical damage to immunoglobulins and 
other proteins (Lunec et al. 1987). The mechanism being a variant on 
the McCord reperfusion injury hypothesis (Woodruff et al. 1986) but 
occurring as hypoxic events which are part of normal activity. Allan et 
al. (1988) measured xanthine oxidase and dehydrogenase activity in 
synovium and suggested that the catabolism of hypoxanthine formed 
during ischaemia from ATP via xanthine oxidase would generate 
superoxide radicals.
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We have shown using RPLC of nucleosides and bases in synovial fluid 
obtained from RA compared to osteoarthritis (OA) subjects elevated 
levels of hypoxanthine (Herbert et al. 1988) and a high synovial 
fluid:plasma ratio for many nucleosides. These findings have been 
confirmed using the HPLC systems with dual UV-EC detection developed in 
this thesis. Such increases may have resulted from ischaemic damage 
and/or mechanical damage to cells in the synovial fluid or may result 
from increased turnover of cells.
Since no literature values on nucleotides were available to indicate 
energy status within cells obtained from RA patients and to further 
understand the above catabolism findings evidence for abnormal purine 
metabolism in RA was investigated. The ATP concentration in RA red
cells was significantly lower than that in controls similarly the 
ATP/ADP ratio and the total adenosine nucleotide level were reduced 
(Table 6.11). This finding has not previously been reported. It was not 
due to degradation since total adenosine nucleotides levels were also 
low. Some of the difference may have been due to sampling differences. 
The differences in sample number and sample age betwee n the patient 
group and the control group were unlikely to be the cause since the 
difference was only towards ATP and was not reflected by elevations of 
ADP or other nucleotides and has already discussed age and red cell 
nucleotide levels are not related. Since these patients were on a 
variety of non-steroidal anti inflammatory agents (NSAIDS) it is 
posible that drugs may lower nucleotide levels. Monti & Bucur (1976) 
found that oral sodium salicylate reduced red cell ATP by upto 20% in 3 
of 5 subjects given the drug for 5 days. This effect was not found with 
acetylsalicylic acid or salicylamide. No data on such an effect with 
other NSAIDS has been reported. However a detailed study with age 
matched controls will be necessary to confirm the present observations 
and investigate whether it is related to the modern drug regime of the 
patients. A knowledge of the exact mechanism if confirmed would be 
important particularly since this group of drugs are prone to serious 
side-effects. Results not reported here suggest that they can reduce EC 
within the intestinal mucosa possibly leading to ischaemic damage.
Ischaemic degradation of adenosine nucleotides should also lead to 
increases in adenosine levels which may have marked effects on 
vasodilation. No evidence for such a mechanism was found here (Table
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6.6). Either this is because it does not occur or because the increased 
levels of adenosine deaminase reported in RA (Ocana et al. 1988, Yuksel 
et al. 1988) are able to deaminate any formed adenosine rapidly. In 
contrast, Appelboom et al (1985) investigated the levels of purine 
metabolising enzymes in circulating mononuclear cells in RA and 
reported lower levels of ADA, 5'NU but not PNP in RA compared to 
controls.
It is unlikely that xanthine oxidase activity in synovial membranes in 
man could be a significant source of free radical activity since the 
levels of the enzyme are very low compared to those in gut or liver the 
major reservoirs of xanthine oxidase activity in man. Hypoxia in the 
synovial cavity could degrade ATP causing changes to the ATP/ADP ratio 
and the energy charge of affected cells. Additionally such changes 
could cause elevation of plasma and synovial fluid adenosine levels 
with consequent effects on vascular activity (Sollevi 1986). There was 
no increase in plasma adenosine in patients with RA compared to normals 
when samples were collected into deoxycoformycin prior to N -etheno 
derivatisation.
The values for energy charge in the cells obtained from synovial fluid, 
freshly collected and immediately extracted, are generally >.85 
indicating little if any ischaemic degradation. The mean ATP/ADP ratio 
though was low (mean 4.6) which is probably the result of the mixed 
population of cells in the synovial fluids. Synovial fluid contains a 
variety of cells including red cells, which were excluded from the 
present studies. The white cell composition varies with the 
inflammatory status of the joint. In a moderately inflammed joint in RA 
the cell count can rise to lO^cells/ ul and the white types will 
include polymorphonuclear cells particularly neutrophils and 
lymphocytes. The pattern of nucleotides observed here were similar to 
the pattern for neutrophils described by de Korte et al.(1985) except 
that the cells had apparently salvaged large amounts of nucleosides and 
bases as judged by the large frontal peak and the large peak for IMP. 
Such a pattern would be consistent with our findings of elevated 
synovial fluid hypoxanthine levels and may confirm that the joint was 
at times ischaemic. However further studies on the exact of the 
nucleoside frontal peak are needed to confirm this.
Page 205
7. CONCLUSION
The strong links between HPLC advances and our understanding of purine 
and pyrimidine metabolism referred to in the introduction have 
continued to undergo substantial developments during the course of this 
work. Such rapid and significant changes have been reflected not only 
in the perfection of standard methods and their application in ever 
widening fields but also in the parallel development of the other 
methods examined in this thesis.
The body of knowledge is such that the present status of HPLC as 
applied to nucleic acid components has been the subject of two books 
(Brown (ed.) 1984, Krustolovic (ed.) 1987). Sections from this thesis 
have appeared in the second of those two works. Shorter works on the 
subject have also appeared including a chapter derived from this thesis 
(Perrett, 1986) and a number of reviews (Scoble & Brown 1983, Simpson & 
Brown 1986, Perrett, 1985). However the impression given is that most 
authors have have not taken advantage of the developments in either 
chromatographic column technologies or detection techniques for purine 
and pyrimidine based compounds. Most publications are still use 4.6 x 
250mm columns of SAX materials with 254nm detection .as first described 
by Brown et co-workers in the mid 1970's. Many workers using such 
systems have uncritically followed methods developed on standard 
materials which have then given relatively poor separations on 
biological extracts, few have attempted to investigate and optimise the 
chromatography (see many papers referenced in Simpson and Brown 1986).
This thesis has attempted to evaluate the various options for the high 
performance liquid chromatography of nucleotides and to a lesser extent 
nucleosides and bases. The resultant methods have been applied to a 
wide variety of biological samples but only those concerned with human 
blood cells have been given here. The crucial observation made here was 
the simple one that pH as well as molarity is most important for the 
selectivity of the separation of nucleotides. The anion exchange 
separation of nucleotides on APS-Hypersil followed by UV detection has 
proved itself to be a robust and reliable method not only in my hands 
but also in other laboratories. At least 6 other laboratories are known 
to satisfactorily use the method and slight variants on it have been 
published (Boulieu et al. 1985, Simmonds et al. 1988), The limiting
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factor continues to be deterioration of the ion-exchanger and a 
re-investigation of high efficiency polymeric resins is now desirable. 
Equally the triethylamine system for the simultaneous resolution of 
nucleotides and nucleosides although difficult to optimise can in many 
analytical circumstance offer advantages.
UV detection possibly using new higher sensitivity diode array 
detectors will continue to be the primary mode of detcetion. The 
general applicability of the other two systems developed in this study 
has proved limited when ample amounts of biological extracts are 
available. Etheno-derivatisation is useful when sample volumes are 
limited and high sensitivity towards adenosine compounds is required. 
Electrochemical detection although potentially very attractive has 
proved in practice to have poor sensitivity towards nucleotides other 
than those of guanosine. However this very selectivity can be an 
advantage when dealing with guanosine derived compounds or catabolic 
end products when sub-picomole sensitivities are possible.
The power of HPLC in screening biomedical samples is now well 
established. Its application towards nucleic acid components in all 
types of sample matrices has been reviewed by Simpson & Brown (1986) 
and Perrett (1987) Similarly applications form a large component of the 
Handbook of Chromatography of Nucleic Acids (Krustolovic 1987).
Simmonds et al. (1988) has demonstrated its applicability to the 
diagnosis of a wide variety of purine and pyrimidine inherited 
disorders based on their characteristic nucleotide patterns
The present studies have confirmed the importance of correct sample 
processing to obtain accurate nucleotide concentrations in blood cells 
as well as whole tissues. However the final question of whether any any 
form of extraction truly reflects intracellular metabolism cannot be 
fully answered. The present detailed studies suggest they can but 
unfortunately the only non-invasive method of determining 
intra-cellular nucleotides 31P-NMR does not produce comparable results. 
Firstly only 'free' nucleotides can be measured, secondly all 
nucleotide groups are linked together i.e. the ATP response also 
includes GTP, UTP and CTP and thirdly expression of results is usually 
by comparison to total phosphorus (Monti et al. 1987)
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Although 31-P NMR is an attractive, if very expensive, technique for 
some types of nucleotide studies, chromatography particularly HPLC with 
uv detection has come to dominate the field of purine, nucleoside and 
nucleotide analysis. Few workers have persisted with other separation 
methods such as thin layer chromatography and electrophoresis. However 
the technique, that may displace HPLC including the present studies, 
has recently been applied to standard nucleotide mixtures. Capillary 
Zone Electrophoresis of nucleotides with uv detection or laser induced 
indirect fluorescence detection (Kuhr and Yeung 1988) is now a working 
system. The later offering attomole sensitivity toward nucleoside 
monophosphates achieved with 300,000 theoretical plates generated in 
120sec. However for the next few years it is expected that HPLC in one 
form or the other will continue to play the major role in the analysis 
of nucleotides, nucleosides and bases in complex biological extracts.
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APPENDIX 1  COLUMN PACKING PROCEDURE
The majority of columns used in these studies were packed in house by 
the following techniques.
Columns were assembled from new stainless steel components (HETP) or 
previously used columns were emptied, cleaned with detergent solution 
followed by methanol and dried. The columns were packed using a 
Shandon Column packer at constant pressure.
METHOD
1. A cylinder with a high pressure (150psi) regulator was attached to 
the column packer and turned on. The packer's pressure regulator was 
adjusted to 8000psi.
2. For a 100 x 4.6mm column 1.6g of dry packing material were 
slurried in approx. 60ml of propan-2-ol and then placed in a sonic 
bath for 5min to remove air bubbles.
3. A 63ml column packing bomb was installed on the packer and the 
empty column (with bottom) assembly attached. A waste line was 
connected to the column outlet.
4. The packing solvents were cycled through the pneumatic amplifier 
pump and the selector valve left in the position of the first 
solvent.
5. With the column below the bomb the slurried packing material was 
carefully poured into the bomb and any empty volume was filled with 
propan-2-ol. The bomb top was attached, the column and bomb assembly 
inverted so that the column pointed upwards and the solvent flow
started. Following a few minutes at SOOOpsi the pressure was
increased to 9000psi.
For APS-Hypersil the packing solvent was Hexane
For ODS-Hypersil the packing solvent was propan-2-ol
Upward packing was continued until approx. 100ml of waste solvent was 
collected and then the column assembly was inverted and a further 
100ml was collected in the downward direction.
6. A final 100ml of 50/50 v/v MeOH/water was pumped down the column 
to condition it. The gas pressure was then turned off.
7. Following a minimum of 5 minutes for the column to reach 
atmospheric pressure the column was disconnected from the bomb, the 
top of the packed bed carefully smoothed and a column end fitting 
with mesh attached.
COLUMN TESTING
All columns were immediately tested using systems similar to the 
analytical ones.
A. Sum APS-Hypersil
Mobile phase 50mmol/l KH^PO^ pH 2.9 at Iml/min
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Test Mix containing 100umol/l Adenine
100umol/l CMP 
100umol/l AMP 
100umol/l IMP or GMP
Inject 5ul detect at 254nm 0.1AUFS
Recorder speed at least 2cm/min
Minimum criteria:- 3000-3500 plates/column for IMP at 500-600psi
B. 3um ODS-Hypersil
Mobile phase 50mmol/l KHgPO^ pH 5.5 at 1.2ml/min
Test Mix containing 100umol/l Hypoxanthine
100umol/l Cytidine 
100umol/l Guanosine 
100umol/l Urate
Inject 5ul detect at 254nm 0.1 AUFS
Recorder speed at least 2cm/min
Minimum criteria:- 4500-5500 plates/column for guanosine at lOOOpsi
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CHROMSYMP. 980
DETERM INATION OF ADENOSINE RIBO- AND DEOXYRIBONUCLEO- 
TIDES AS THEIR l-N 6-ETHENO DERIVATIVES BY REVERSED-PHASE ION- 
PAIR HIGH-PERFORM ANCE LIQUID CHROM ATOGRAPHY
DAVID PERRETT
Department of Medicine, St. Bartholomew’s Hospital Medical College, West Smithfield, London EC1A 7BE
SUMMARY
The chromatographic resolution of fluorescent l-N 6-etheno derivatives of ad­
enine and adenosine ribo- and deoxyribonucleotides on reversed-phase columns has 
been optimised by a systematic study of the effect of ion-pair concentration, pH, 
eluent molarity and methanol concentration. Using tetrabutylammonium hydrogen 
sulphate as the ion-pair separation of up to eight derivatives could be achieved in ca. 
10 min. Conditions of derivatisation with chloroacetaldehyde have been investigated 
in order to reduce hydrolysis of the nucleotides.
INTRODUCTION
Although UV detection at 240-270 nm is universal for nucleic acid compounds 
in many applications, it is limited by poor sensitivity and poor selectivity. Gradient 
elution is often necessary1*2 and this in turn further reduces sensitivity. The need for 
systems able to measure selected groups of compounds at high sensitivity and with 
shorter analysis times exists, for example, in the determination of deoxyribonucleo­
tides within cells and the quantitation of cyclic nucleotides. The determination of 
deoxyribonucleotides in biological extracts is particularly difficult, since they are nor­
mally present at ca. 1% of the level of the corresponding ribonucleotides. To over­
come this difficulty, methods involving the removal of ribonucleotides prior to high- 
performance liquid chromatography (HPLC) have been devised. Selective degra­
dation of the 2,3'-cw-diol of ribonucleotides with periodate and methylamine has 
been employed and various workers have combined this with UV detection to mea­
sure deoxynucleotides but sensitivity is poor3-5.
Haloacetaldehydes react with adenine- and cytidine-containing compounds to 
form fluorescent l-N 6-etheno (s) derivatives6*7. The reaction has been employed for 
the determination of total adenine compounds in cells8. Methods involving pre-col­
umn derivatisation and separation of these derivatives of adenine, adenosine9-11 and 
cAMP12 by HPLC have been published. The method is extremely sensitive being 
able to determine less than 1 pmol of the derivatives. The separation of the a deriv­
atives of ATP, ADP, AMP and cAMP by anion exchange has been reported, but the
0021-9673/87/S03.50 ©  1987 Elsevier Science Publishers B.V.
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analysis time was 40 min (ref. 13). Recently, the e derivatives of the adenosine nu­
cleotides have been separated by reversed-phase HPLC both isocratic14 and with 
gradient elution15. The strongly ionic nature of ^ -nucleotides means that their chro­
matography is not totally satisfactory by reversed-phase.
The separation of adenine, adenosine-containing ribo- and deoxyribonucleo­
tides and cAMP by reversed-phase HPLC in the presence of tetrabutylammonium 
ion has been achieved16. This paper examines some of the chromatographic variables, 
such as pH, ion-pair and methanol concentrations, the optimisation of which are 
essential for a reliable assay. The reaction conditions have also been investigated in 
order to minimise the hydrolysis of the nucleotides during derivatisation.
MATERIALS AND METHODS
Chemicals
Nucleotides, nucleosides and bases, sodium periodate, rhamnose, methyl­
amine, sodium ethylenediaminetetraacetate (EOTA) and tetrabutylammonium hy­
drogen sulphate (TBAHS) were obtained from Sigma (Poole, U.K.). HPLC-grade 
methanol was from Rathburn (Walkerburn, U.K.). Chloroacetaldehyde was ob­
tained either from Fluka (via Fluorochem, Stalybridge, U.K.) as a 55% solution 
which was further diluted to 10% or by distillation from 5% sulphuric acid of the 
dimethyl acetal (Sigma), and the distillate (b.p. 88-90°C) was diluted with water to 
a final concentration of 10%. At 4°C this solution keeps for up to six months.
Chromatography
The HPLC system consisted of an ACS 500 pump (ACS, Macclesfield, U.K.), 
a Rheodyne valve injector with a 20-jul loop (Anachem, Luton, U.K.), and a Kratos 
FS970 fluorescence detector, equipped with a deuterium lamp and a >387-nm 
emission filter (Kratos, Manchester, U.K.). The detector output was recorder on 
either a 0-1Ô mV potentiometric recorder or a HP 3390A integrator (Hewlett Pack­
ard, Beaconsfield, U.K.). Chromatographic columns 100 x 4.6 mm I.D. (HETP, 
Macclesfield, U.K.) were packed in the laboratory according to the manufacturer’s 
instructions with 3-/mi ODS-Hypersil (Shandon, Runcorn, U.K.). In the final pro­
cedure, the column was eluted at 1.2 ml/min using a 50 m M  ammonium acetate 
buffer (pH 5.5) containing 0.2 mM  TBAHS and 1 m M  sodium EDTA mixed with 
methanol (9:1). The purity of the nucleotides was checked using a previously de­
scribed anion-exchange gradient system17.
Formation o f  l~N6~etheno derivatives
In the final procedure 0.1 ml of nucleotide-containing sample was mixed with 
1 ml of 0.2 M  ammonium acetate buffer (pH 6.0) containing 4 m M  sodium EDTA 
in either stoppered glass tubes or 1.5-ml capped polypropylene vials. 50 p\ chloroac­
etaldehyde solution was added, and the mixture was stirred. The tubes were placed 
in a 95°C water bath for 10 min. At the end of that period, they were rapidly cooled, 
and 20 ^1 was injected into the HPLC column.
Periodate oxidation
The oxidation of ribonucleotides was described by Garrett and Santi3 and
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optimised by Tanaka et al.5. A  20-//1 volume of 0.2 M  sodium periodate was added 
to 80 n\ of a solution containing either underivatised nucleotides or e-nucleotides. 
The mixture was stirred and centrifuged for 20 s followed by incubation at 37 C for 
2 min. Then, 2 /d of 1 M  rhamnose was added followed, by 30 /ri 4 M  methylamine 
(neutralised to pH 6.5 with orthophosphoric acid). The mixture was stirred, incu­
bated at 37°C for 30 min and then cooled on ice. The final reaction mixture was 
injected directly into the column.
RESULTS
The excitation spectrum, determined by repeated injections of 100 pmol of s- 
adenosine, is shown in Fig. 1. With the deuterium lamp of the detector the excitation 
maximum was 212 nm. This uncorrected value is considerably lower than that pre­
viously reported using different detectors. Other research workers have used wave­
lengths of ca. 280 nm, which give only 7% of the response obtained at 212 nm. 
Unfortunately, for high-sensitivity analyses this increase is not maintained. Only a 
20% increase in sensitivity was found at 232 nm when 5 pmol of 8-adenosine was 
repeatedly injected at the maximum sensitivity that could be offset by the fluorometer 
at each wavelength (Fig. 1). Of the available emission filters, the 389-nm pass filter 
gave the best response.
With the particular reversed-phase packing employed, the pH, ion-pair con­
centration, methanol concentration and buffer ionic strength were systematically var­
ied while holding the other three variables constant at approximately their optimum 
value. The changes in retention with variations in the concentration of TBAHS and 
pH are shown in Fig. 2a and b, respectively. Optimum retention of the e-nucleotides 
relative to the nucleotides and bases, was at 0.2-0.3 m M  TBAHS when the pH of 
the eluent was 5.5. Increasing the methanol concentration as expected reduced the 
retention times in an approximately linear manner but did not significantly change 
the selectivity. Varying the molarity of the buffer also had little effect. The inclusion 
of EDTA in the eluent led to an improvement in column performance and reduced 
retention times by approximately 5%. This beneficial improvement was probably due 
to reduced metal chelation by the nucleotide side chain.
Using the optimum buffer composition, the retention characteristics of a num­
ber of 6-aminopurines were determined and are given in Table I. Fig. 3 shows a 
typical standard chromatogram, obtained by injecting a mixture of 8 compounds 
equivalent to approximately 25 pmol of each derivative. The impurity peak at time 
6.8 min was present in all samples. The size of both this peak and the frontal peaks 
increased with the age of the chloroacetaldehyde solution and when a significant 
excess of chloroacetaldehyde was employed. The use of fresh reagent at a 10% di­
lution minimised the size of this peak.
The optimum pH for the reaction was determined by incubating an equimolar 
mixture of adenosine, ATP, ADP and AMP in buffers of varying pH for a reaction 
time of 30 min. Maximum yield as determined by the sum of the integrator peak 
occurred at pH 5.5. With increasing pH the solutions became intensely yellow and, 
on standing, a fine black precipitate was observed to form.
Nucleotides, particularly nucleoside triphosphates, are readily hydrolysed at 
acid pH and elevated temperatures. In order to minimise hydrolysis of nucleotides
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Fig. 1. Excitation spectrum ( 0 —0 )  of l-N6-etheno adenosine in Kratos FS 970 fluorometer with deuterium 
lamp. Maximum sensitivity curve ( # —# )  obtained by assaying peak of a 5-pmol injection at the maximum 
sensitivity of detector.
during derivatisation the percent destruction of ATP was studied for various pH 
values and time courses at 95°C. Over the pH range 3.5 to 7.5 ATP was at least 40% 
hydrolysed after 45 min. A reasonable compromise between yield and hydrolysis was 
achieved by using a buffer (pH 6.0) at 95°C for just 10 min. The ionic composition 
of the buffer also affected both the fluorescence yield and the present hydrolysis 
(Table II). Incorporation of EDTA into the reaction buffer increased the yield, gave 
a more uniform yield with the three buffers tested, and approximately halved the 
hydrolysis, particularly for the acetate buffer. Since acetate buffer also gave the small­
est frontal peak, it was chosen for the final derivatisation buffer. Once the derivatives 
are formed, they are stable at room temperature for at least a week without further 
hydrolysis of the nucleotide compounds.
When the above conditions for both the derivatisation and the chromato-
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Fig. 2. Variation in k ' for a mixture of e derivatives on a 100 x 4.6 mm I.D. column of 3 /un ODS- 
Hypersil. Conditions as in Materials and methods, except (A) tetrabutyl ammonium ion concentration 
variable, (B) pH variable. Key to symbols: ■ , e-ATP; # ,  e-ADP; A, e-AMP; ♦ ,  e-adenosine; □ , e- 
deoxyATP; O, e-deoxyADP; A , e-deoxyAMP; O, e-deoxyadenosine; *, e-adenine; + , e-cAMP.
graphy were used, the results for the tested compounds were linear over a wide range 
(1-500 pmol injected). Maximum sensitivity (S/N =  2) varied with the particular 
compound and the exact chromatographic conditions but ranged from 200 frnol 
injected for adenosine to 1 pmol injected for dATP.
The system developed has been employed to quantify nucleotides and related 
compounds in acid extracts of biological specimens. In practice it has been found 
preferable to degrade the & derivatives rather than the original extract while leaving 
the deoxyribonucleotide derivatives intact since one derivatisation allowed the de­
termination of both the deoxyribo- and ribo nucleotides.
TABLE I
RETENTION DATA FOR l-N 6-ETHENO ADENINE COMPOUNDS
For chromatographic conditions see Materials and methods, k ' = capacity factor.
Original k ' Original k '
compound compound
AMP 3.14 NADP 3.40
ADP 4.09 DeoxyAMP 5.08
ATP__________  74)9____ DeoxyADP__________ 8.46
Adenine 2.99 DeoxyATP 13.4
Adenosine 4.84 Deoxyadenosine 6.43
cAMP 18.56
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Fig. 3. Standard chromatogram, showing ion-pair reversed-phase liquid chromatography of a mixture of 
£ derivatives of adenine compounds. Initially, 25 pmol of each sample injected except deoxyATP (50 pmol) 
and adenosine and deoxyadenosine (12.5 pmol).
DISCUSSION
The chromatographic characteristics of some l-N 6-etheno derivatives of 6- 
aminopurine in the presence of TBAHS is similar to that studied in detail for the 
parent compound by Perrone and Brown18. The major difference is that a signifi-
TABLEII
EFFECT OF BUFFER ON HYDROLYSIS OF ATP BY INCUBATION AT, 95°C FOR 10 min
Buffer 
(pH 6.0)
Yield ' Final composition (%)**
ATP ADP AMP
Starting composition 97 3 0
0.2 M  ammonium acetate 54 90 8.9 1
0.2 M  ammonium acetate plus 4 mM EDTA 100 95 4.9 0
0.2 M  potassium phosphate 79 90 9.5 0.5
0.2 M  potassium phosphate plus 4 mM EDTA 85 93 6.3 0
0.2 M sodium citrate 91 90 9.5 0
0.2 M sodium citrate plus 4 mM EDTA 86 94 5.2 0
* Expressed as percent of ammonium acetate plus EDTA. 
** Expressed as percent of total integrated peak area.
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cantly lower concentration of ion-pair was necessary for the derivatives (0 . 2  against 
2 mM). This finding appears to be related to the particular reversed-phase packing 
material used in our study rather than to the derivatives, because when the same 
material was used for the parent nucleotides they were also resolved at these low 
concentrations19. The flexibility o f the ion-pair system in achieving the resolution of 
both the adenosine nucleotides and other adenine compounds in a single run is a 
major advantage over the simple reversed-phase chromatography used by Preston1 4  
or Levitt et a l 15. The nucleotides are well retained on the column rather than being 
eluted early, although this retention leads to some loss'of sensitivity. Using the chro­
matographic data presented here, it is possible to optimise conditions for the mea­
surement of any single compound to give maximum sensitivity in the shortest possible 
analysis time. During the course of this study, Ramos-Salazar and Baines2 0  reported 
a similar procedure for adenosine ribonucleotides alone.
Other workers have used chloroacetaldehyde to derivatise nucleotides, but sev­
eral derivatisation procedures have been published without regard to the possibility 
of hydrolysis. Preston1 4  used 30 min in a boiling water bath but did not check for 
hydrolysis. Levitt et al.15 used 40 min at 80°C and checked for the overall recovery 
of their system including tissue extraction, by addition of radiolabelled ATP. They 
found a recovery of 59.5% but did not comment on any hydrolysis. Ramos-Salazar 
and Baines2 0  returned to the derivatisation of Barrio et al.6, i.e. 24 h at 37°C, in 
order to minimise hydrolysis and reported that 19, 5 and 9% less e-AMP, e-ADP and 
e-ATP respectively was formed than at 80°C for 40 min. In this present study the rate 
of hydrolysis has been more thoroughly examined and the percent destruction has 
been reduced significantly by lowering the incubation time, using a higher pH and 
including EDTA in the buffers. It must also be appreciated that using long incubation 
times at elevated temperatures in order to measure other adenine derivatives, e.g., 
adenosine in tissues, may give increased values due to nucleotide degradation.
Recently, it has been reported1 3  that bromoacetaldehyde can replace chlo­
roacetaldehyde in the reaction and gives a 2 0 % improvement in the yield of the 
nucleotide derivatives, since its optimum reaction conditions are 15 min at 80°C. 
Such conditions should reduce the hydrolysis of the nucleotides still further. Unfor­
tunately, bromoacetaldehyde is not commercially available. Attempts to use a la­
boratory-synthesised reagent have not, so far, achieved a significant improvement in 
performance.
The determination of deoxyribonucleotides by UV detection and periodate 
oxidation is limited by sensitivity. The proposed method will only determine deoxy- 
adenine compounds, but the sensitivity is better than that for UV detection alone.
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SUMMARY
1. Nucleosides and bases in physiological fluids result 
from metabolism of nucleic acids and nucleotides and 
from dietary sources. As nucleotide catabolism increases 
during tissue injury, nucleosides and bases could serve as 
useful biochemical markers in arthritis.
2. We have quantified nucleosides and bases in 
synovial fluid and plasma by high-performance liquid 
chromatography in order to examine whether nucleotide 
metabolism is increased in patients with rheumatoid 
arthritis and osteoarthritis.
3. At least ten u.v.-absorbing compounds were 
detected in plasma and synovial fluid; only urate, 
creatinine, hypoxanthine and uridine were present in 
identifiable and quantifiable amounts.
4. In synovial fluid from patients with rheumatoid 
arthritis the concentration of hypoxanthine was increased 
and that of urate decreased compared with osteoarthritis.
5. These data suggest that there is an increase in 
purine metabolism in the rheumatoid arthritis joint and 
that hypoxanthine is a potential marker of synovitis.
Key words: hypoxanthine, nucleosides, osteoarthritis, 
purines, rheumatoid arthritis, synovial fluid.
INTRODUCTION
Free nucleosides and bases in biological fluids result both 
from the diet and from the metabolism of bases and 
nucleotides. Abnormal levels of these compounds are 
associated with inborn errors of base and nucleotide 
metabolism [1 ], neoplastic disease [2 ] and ischaemic tissue
Correspondence: Dr K. E. Herbert, Department of Rheuma­
tology, St Bartholomew’s Hospital, West Smithfield, London 
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injury [3]. These substances are readily analysed by 
reversed-phase high-performance liquid chromatography 
with u.v. detection [4].
In rheumatoid arthritis there are several indices of 
inflammation such as erythrocyte sedimentation rate and 
C-reactive protein [5] but few measures of actual joint 
damage. As evidence suggests that such damage may 
result from a series of pathological changes unrelated to 
inflammation [6 ], novel markers may be crucial to under­
standing joint injury in rheumatoid arthritis. Purine metab­
olism is linked to arthropathy in gout, where urate levels 
are high in plasma and urate crystals appear in the joint 
fluid [7]. However, purine and pyrimidine nucleosides and 
their metabolites in synovial fluid have not been studied 
for other arthritides. Recent evidence that cytidine 
deaminase levels are elevated in rheumatoid arthritis 
serum and synovial fluid [8 ] suggests that nucleoside 
metabolism may be altered in inflammatory joint disease.
The release of nucleosides and bases from damaged 
cells in the joint may be a useful marker for joint damage 
and also add to our knowledge of the biochemistry of 
synovial fluid. We have therefore quantified free u.v.- 
absorbing species in rheumatoid arthritis and osteoar­
thritis synovial fluid. For comparison similar measure­
ments were made in plasma.
METHODS
Samples of non-infective synovial fluid and blood were 
collected from patients with rheumatoid arthritis (median 
age 62 years, range 32-80 years; n = 14) and with osteo­
arthritis (median age 61 years, range 45-83 years; n = 14). 
Synovial fluid was aspirated from knees only where thera­
peutically indicated. Both groups of patients contained 
equal numbers of males and females. All patients were 
taking oral non-steroidal anti-inflammatory drugs; a 
variety of drugs were used. All of the rheumatoid patients
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were taking either D-penicillamine or sulphasalazine. Cell- 
free synovial fluid and heparinized plasma were prepared 
by centrifugation ( 1 0  min, 1 0 0 0  g) immediately after col­
lection and stored at -20°C. Heparinized plasma was 
also obtained from 14 healthy control subjects (median 
age 39 years, range 27-66 years).
Small molecules, including nucleosides and bases, were 
extracted from physiological fluids (1  ml) by centrifugal 
ultrafiltration (1500 g, 30 min) through a membrane with 
a 1 0 0 0 0  mol. wt. cut-off, according to the manufacturer’s 
instructions (Aimer Products Ltd, London). Typically, 
150-200 [A of ultrafiltrate was obtained from 1 ml of 
fluid using this procedure. Samples of the ultrafiltrate 
were stored at -  20°C before analysis. Using this method 
Hartwick et al [9] showed that more than 98% of added 
purine nucleosides were extracted from biological fluids.
U.v.-absorbing (254 nm) substances in ultrafiltered 
samples ( 2 0  /d) were separated by isocratic reversed- 
phase high-performance liquid chromatography on a 3 
^m C l 8 -silica (ODS-Hypersil; Shandon Southern, 
Runcorn, U.K.) column (100 mm x 4.6 mm internal 
diameter) eluted with potassium dihydrogen phosphate 
(0.04 mol/1, pH 5.8) containing methanol (1%) at a flow 
rate of 1.5 ml/min [4] using an ACS 300/01 pump (ACS, 
Macclesfield, U.K.). The eluate was monitored with a CE 
2012 variable wavelength u.v. monitor (Cecil Instruments, 
Cambridge, U.K.). Unknown peaks were identified and 
quantified by comparing retention times and absorbance 
ratios (A 254 nm/A 28o nm) with those of known amounts of 
standard compounds (Sigma, Poole, U.K.).
Results are expressed as the median and range. Sta­
tistical analysis of results was by Mann-Whitney [/-test. A 
P value of less than 0.05 was considered significant.
RESULTS
At least ten u.v.-absorbing substances were readily 
detected in plasma and synovial fluid. Only urate, creati­
nine, hypoxanthine and uridine were present in identifi­
able and quantifiable amounts; their concentrations in
control plasma and in plasma and synovial fluid from 
patients with rheumatoid arthritis and osteoarthritis are 
shown in Table 1.
Although plasma urate levels were similar for all three 
groups, a raised concentration was found in synovial fluid 
from patients with osteoarthritis compared with synovial 
fluid from patients with rheumatoid arthritis (PC 0.04). In 
rheumatoid arthritis, the concentration of hypoxanthine 
in synovial fluid was elevated compared with that in 
osteoarthritis (RCO.Ol) but in plasma was significantly 
lower than in osteoarthritis (P<0.05). Neither creatinine 
nor uridine concentrations differed between subject 
groups (Table 1).
DISCUSSION
To our knowledge this is the first report on nucleosides 
and bases in synovial fluid in rheumatoid arthritis and 
osteoarthritis. As fresh normal synovial fluid is virtually 
impossible to obtain, we used values obtained for osteo­
arthritis as controls. Although synovial fluid from patients 
with osteoarthritis is not normal (joint damage is a charac­
teristic of both rheumatoid arthritis and osteoarthritis), it 
is the best available and most often used control. Our data 
suggest that purine metabolism is perturbed in the joints of 
rheumatoid arthritis patients. In particular we have shown 
a significantly elevated concentration of hypoxanthine in 
synovial fluid from patients with rheumatoid arthritis 
compared with osteoarthritis. However, as the level of 
urate in synovial fluid was lower in rheumatoid arthritis 
we cannot report a general increase in purine catabolism. 
Purine nucleosides and bases in synovial fluid probably 
result from adenosine 5 -triphosphate catabolism in sene­
scent joint cells, e.g. neutrophils, lymphocytes, ‘trans­
formed’ cells of the rheumatoid pannus [1 0 ] and, if 
present, bacteria.
In rheumatoid arthritis, although the concentration of 
urate was similar in synovial fluid and plasma, the range 
of concentration of hypoxanthine extended much higher 
in synovial fluid. This suggests that in some cases the joint
Table 1. Concentration of some u.v.-absorbing (254 nm) species in plasma and synovial fluid 
from patients with rheumatoid arthritis and osteoarthritis, and in plasma from control subjects
Results are shown as the median with the range in parentheses. Statistical significance: *P<0.05;
fP <  0.04; 0.01.
Compound Concn. of u.v.-absorbing species {jumol/l)
Rheumatoid arthritis Osteoarthritis Control plasma
Plasma 
(m = 10)
Synovial fluid 
(n = 10)
Plasma 
(rc = 10)
Synovial fluid 
(n = 10)
Urate 446 339f 503 504$ 470
(262-616) (182-566) (186-787) (228-757) (123-533)
Creatinine 44 53 67 127 48
(25-69) (18-1604) (16-359) (29-537) (12-130)
Hypoxanthine 6.0* 8.8$ 9.2* 1.6$ 1.9
(3.4-14.8) (1.3-332.0) (1.4-22.0) (0-16.3) (0.2-8.5)
Uridine 4.4 5.3 3.9 5.7 3.2
(2.0-7.7) (0-25.0) (2.4-5.5) (4.2-28.9) (1.3-9.2)
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is the site of formation of hypoxanthine, which may be 
prevented from diffusing freely into the circulation due to 
joint damage. During catabolism hypoxanthine is con­
verted to xanthine and then to urate by xanthine oxidase 
(xanthine: oxygen oxidoreductase, EC 1.1.3.22). This 
enzyme is believed to be almost exclusively located in the 
liver and intestinal mucosa in man [11]. Hypoxanthine 
appears to be effectively trapped in the rheumatoid joint 
and so further metabolism to urate does not appear pos­
sible. We therefore suggest a new site, the rheumatoid 
joint, in which xanthine oxidase activity is low. However, 
recent measurement on synovial tissue from patients with 
rheumatoid arthritis showed levels of xanthine oxidase 
were increased compared with controls [12]. Therefore 
current hypotheses on the aetiology of joint damage in 
rheumatoid arthritis, which rely upon xanthine oxidase- 
derived oxygen free radicals, are controversial [13]. 
Most hypoxanthine formed by tissues is salvaged by 
hypoxanthine-guanine phosphoribosyltransferase (hypox­
anthine phosphoribosyltransferase, EC 2.4.2.S) which 
synthesizes inosine monophosphate from hypoxanthine 
and phosphoribosylpyrophosphate [14]. Inhibition of this 
pathway represents a further mechanism for the observed 
high level of hypoxanthine in synovial fluid in patients 
with rheumatoid arthritis; hypoxanthine-guanine phos­
phoribosyltransferase has not been measured in the joint.
Values for urate in control plasma were slightly above 
published normal ranges [15], whereas the hypoxanthine 
concentrations were wholly within one normal range [16] 
and showed considerable overlap with other reported 
ranges [15,17,18]. Plasma levels of creatinine and uridine 
agreed well with data from other workers [19, 20]. Of the 
substances quantified in synovial fluid, only urate has 
been measured previously in normal synovial fluid [2 1 ], 
and this value (400 //mol/1) and those for rheumatoid 
arthritis and osteoarthritis concur.
A larger cross-sectional study, using paired samples, is 
being undertaken in our laboratory in order to relate 
hypoxanthine concentrations to disease activity in 
rheumatoid arthritis. Further studies are necessary to 
explain the observed levels of purine bases in rheumatoid 
arthritis.
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Rapid Anion-Exchange Chromatography of Nucleotides in Physiological 
Fluids
D. Perrett
Departm ent o f  Medicine, St. Bartholom ew 's Hospital, West Sm ithfie ld ,  L ondon ECIA 7BE, Great Britain
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Summary
T he role o f  pH in the  gradient e lu t ion  o f  nucleotides and  
related co m po un ds  from  short high ef f ic iency  m icro­
particulate anion-exchange co lu m ns has been evaluated.  
Only at pH 3  could  good  resolution be obtained and a 
system  capable o f  the  separation o f  2 2  nucleotides from  
physiological extracts in 13 m inutes has been described.  
Other factors affecting the  satisfactory operation o f  the  
system  are discussed.
Introduction
The accurate quantitation of nucleotides in blood cells and 
tissue extracts is of increasing importance in clinical med­
icine and biochemistry. The separation of nucleotides on 
anion-exchangers was introduced by Cohn [1] in 1949. 
Substantial improvements in speed followed the application 
of, firstly, pellicular anion-exchangers by Horvath et al. [2] 
and then micro-particulate ion-exchange packings materials 
[3]. Recently attempts to separate nucleotides on reversed- 
phase systems [4], reversed-phase with ion-pairing, both 
isocratically [5] and with gradient elution [6 ], and reversed- 
phase with zwitterion-pairing [7] have been reported. The 
chromatography of nucleotides, nucleosides and bases has 
been reviewed recently [8 ].
Since reversed-phase systems do not necessarily require 
gradient elution they were tested on complex physiological 
extracts but were found to be unsatisfactory and an im­
proved anion-exchange system was considered preferable. 
Attempts to increase the speed of a previously described 
method [9], which used a pellicular resin and a simple 
gradient elution system, were unsuccessful and the diffi­
culties associated with the transfer of that method to a micro­
particulate anion-exchanger suggested the experiments 
described in this article.
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Experimental
The chromatograph used consisted of a 100 X 5 mm 
stainless steel column with syringe injector (HETP, Mac­
clesfield, U.K.), a Cecil CE212 U.V. monitor with CE213 
auto-range unit operating at 254 nm and an LDC single 
piston damped mini-pump. The UV monitor output was 
connected to either a 0—lOmV chart-recorder or a Hewlett- 
Packard 3390A integrator. Gradients were generated using 
either a Pye Unicam LC-XP gradient programmer or a LKB 
Ultrograd arranged to give twice the normal sampling rate. 
In both cases the mixing chambers were replaced with coils 
of ptfe tubing (200 X 1 mm i.d.). The columns were slurry 
packed in the laboratory with 5 /zm APS-Hypersil (Shandon, 
Runcorn, U.K.) and columns with efficiencies of 3500— 
4500 plates per 10 cm were used. In the final procedure the 
column was eluted at 1 ml/min at room temperature and a 
backpressure of 250—350psi. was developed. A linear 
gradient from 0.04M KH^PG^pH 2.9 to 0.5M KH2 PO4 
plus 0.8M KC1 pH 2.9. in 13 minutes was used to elute the 
nucleotides. At this time the gradient was immediately 
returned to the first buffer and regeneration was complete 
in a further five minutes. The gradient was monitored with 
the simple conductivity cell previously described [9]. The 
KH2 PO4  was BDH Aristar grade but other reagents were 
A.R. grade. Both buffers were prepared with freshly de­
ionised and distilled water and filtered through a No 3 
porosity sintered funnel. Nucleotide standards were obtained 
from Sigma.
Results and Discussion
The initial aim of the work was to develope a reliable system 
for the separation of those ribonucleotides occurring in 
trichloroacetic acid (TCA) extracts [10] of biological 
materials in a minimum possible time in order to facilitate 
the analysis of large numbers of samples. Compared to the 
pellicular system [9] it was necessary to increase the molarity 
of both buffers by approximately 5-fold to elute ATP in a 
suitable period of time. Using the same pH gradient i.e 6.5 
to 4.2, which had been developed to frontally elute NAD, 
a major interfering peak, it was impossible to satisfactorily 
resolve any triphosphate nucleotides.
Measurement of the pH of the column eluate showed 
poor pH control with the final pH being only 4.9. With 
constant molarity buffers the pH of both components of 
the gradient was systematically varied whilst a complex
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Fig. 1
Variation in retention time of some nucleotides with a pH gradient. 
The composition of the two buffers was has described under ex­
perimental except A ) pH of second buffer held at 4 .3  while pH of 
first buffer varied and B) pH of first buffer held at 4 .5 while pH of 
second buffer varied.
nucleotide mixture was repeated chromatographed. The 
results for some of the major cellular nucleotides are 
shown in Fig. 1 A and B. The pH of both buffers signifi­
cantly affected the selectivity of the column although such 
changes would be expected in the middle of the chro­
matogram the marked affects at the extremes of the run 
were unexpected. In particular using a initial buffer with 
a pH >  5 prevented the resolution of ATP from GTP, 
both important cellular nucleotides. Whilst using a final 
buffer with a pH >  5 prevented the resolution of ADP 
from GDP and the monophosphates. These observations 
suggested that for adequate control of selectivity for 
each of the three nucleotide groups it was necessary to 
operate at pH 3 and, in view of the poor buffering of the 
phosphate solutions, to have both buffers at the same pH. 
Van Haastert [11] has suggested that the silica backbone 
of the anion-exchange packing confers additional reversed- 
phase and normal phase properties on the packing which 
can affect resolution. Additionally at the pH used in our 
work ionization of secondary groups on the ring structure 
of the nucleotides must also affect the ion-exchange charac­
teristics of the solutes. The affect of gradient pH on nu­
cleotide resolution has been overlooked by other workers 
but careful control of the pH allows a substantial improve­
ment in resolution over previously published systems. 
Unfortunately decreasing the pH of the initial buffer caused 
a substantial increase in the elution time of NAD and it was 
necessary to use a pH 2.9 initial buffer to elute it between 
AMP and IMP.
Varying the molarity of both buffers changed the capacity 
ratios of the nucleotides in the manner expected but did 
not significantly affect resolution except for the mono­
phosphates, where too low a starting molarity caused 
bunching of the peaks when the initial isocratic portion 
of the gradient terminated. This isocratic segment was 
minimized by using the shortest possible lenghts of narrow 
bore tubing between the sampling valve, pump and column. 
With time the ion-exchange capacity of the column de­
creases and could not be restored by cleaning. Accordingly 
it was necessary to decrease the molarity of the final buffer 
in order to prevent early elution of the di- and tri-phosphates. 
This could be repeated until the buffer concentration was 
about 60% of the original with out noticeable lost of 
resolution occurring. Similarly there was some variation 
in the buffer molarity required for different lots of the 
nominally same material received from the supplier. No 
significant changes in either selectivity or retention time 
were caused by including up to 5% methanol in either 
buffer which is in agreement with the findings of Haastert
[1 1 ] using an isocratic system, however higher concentra­
tions of organic solvent were not tested since precipitation 
of phosphate occurs.
Most commercial grades of KH2 P0 4  contain impurities 
which give high UV absorption below 270 nm [9,12] and 
are also retained on the column thereby reducing the 
sensitivity of the system. The introduction of an Aristar 
grade of KH2 PO4  during the course of this work eliminated 
this problem. Table I indicates the magnitude of the baseline 
rise found with various grades of KH2 PO4  from different 
sources; only the overall rise in baseline is given and in­
dividual peaks which resulted from the buffer components 
are not tabulated. The quality of the water was also ex­
tremely important. Only distilled water passed through a 
mixed-bed deioniser immediately before use was satis­
factory. Water collected into plastic containers could also 
give baseline artifacts. Since the first buffer was used at
Table I. Variation in baseline rise with grade of K H 2 PO4  and water 
quality*
S u p p l ie r G ra d e W ater
M a x im u m  rise 
in ba se l ine  
(A b so rb an ce )
M erck O p t i p u r e dis t i l led  a n d  de io n ised 0 . 0 1 6
A .R . dis t i l led  a n d  d e io n is ed 0 . 0 1 5
M ay & B aker P ro an a ly s dis t i l led  a n d  d e io n ised 0 . 0 1 9
BDH GPR dis t i l led  an d  d e io n ised 0 .021
A R dis ti lled  an d  d e io n is ed 0 . 0 3 5
A r is ta r d is t i l led  a n d  d e io n ised 0 .001
A r is ta r d is t i l led  on ly 0 .0 1 2
A r is ta r d e io n ised  on ly 0 . 0 0 9
*  The gradient used was has described in the methods. The same 
batch of KCfl was used in each high buffer.
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Fig. 2
G radient e lu tion  o f  2 2  n u cleo tid es  and related co m p o u n d s under  
th e  co n d it io n s  given under exp erim en ta l.
0.1
254
MIN
Fig. 3
S eparation  o f  th e  
n u cleo tid es  and related  
com p o u n d s in a tri­
ch lo ro a cetic  acid ex tract 
o f w h eat em b yro . O nly  
p ositive ly  identified  
peaks are m arked. 
(E xtraction  by cou rtesy  
o f S h eila  S tandard, D ept, 
o f  B ioch em istry , U ni­
versity  o f  M anchester.)
over twice the rate of the second buffer it was important 
to keep sufficient of the same deionised water in a glass 
container to make further batches of buffer when required 
the use of a different batch of water did on occasions 
cause baseline changes. The use of EDTA [10] or Hypapue
type materials [13] in the buffers or cell extraction methods 
should also be avoided since these compounds gave both 
major and minor peaks which could interfere with baseline 
stability and with the quantitative analysis.
Fig. 2 shows the final chromatographic separation with 
22 nucleotides and related compounds being resolved 
simultaneously in a run time of approximately 13 minutes. 
The elution times of a number of other compounds are 
indicated with arrows. The system can resolve most deoxy­
nucleotides from their related ribonucleotide with sufficient 
accuracy for the diagnosis of the immunodeficiency dis­
eases, adenosine deaminase deficiency and purine nucleotide 
phosphorylase deficiency where dATP plus dADP plus 
dAMP [14] and dGTP [15] respectively accumulate in 
affected blood cells. The nucleotide-sugars are apparently 
important in the germination of plant seeds and preliminary 
work on the quantitation of nucleotides in TCA extracts of 
such materials show very complex chromatograms with a 
large number of unidentified compounds that could be 
nucleotide-sugars (Fig. 3).
Conclusion
The conditions finally selected achieve the separation of 
at least 22 commonly occuring nucleotides and related 
compounds substantially faster than has previously been 
reported. With an elution time of 13 minutes and a short 
regeneration period it was possible to routinely analyse 
three samples per hour, This was only achieved following 
a careful study of the role of pH in the gradient separation. 
The system is reliable and reproducible and has over the 
past months been employed on a number of differing 
studies.
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Fluorometric Assay of Amino Acids and Amines by Use of 
7-Fluoro-4-nitrobenzo-2-oxa-1,3-diazole(NBD-F) in High-Performance Liquid 
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Summary
The reaction o f  a newly developed fluorogenic  reagent,  
7-fluoro-4-n itrobenzo-2-oxa-1 ,3-d iazo le(N B D-F),  with  
am ino  acids and biogenic amines was investigated.  
NBD-F was reactive to  both primary and secondary  
amines including am ino acids and biogenic  amines such  
as catecholam ines .  The am ino acids were reacted with  
the  reagent, separated by high-performance liquid 
chrom atography on ju-Bondapak C i 8 and detected  at 
10  to  1 0 0  fm ol level. A  fe w  jug o f  protein hydrolysates,  
rabbit pyruvate kinase M , ,  rabbit aldolase A and papain,  
were adequate for the am ino acids quantitation . An  
a utom atic  am ino acid analyzer with f luorom etr ic  d e te c ­
tion  b y t h e  post-colum n derivatization with NBD-F  
enabled the  am ino  acid profile analysis in b lood  samples  
present in a paper disc o f  3 mm diameter.
Objectives
1) Reactivities of amino acids and biogenic amines such 
as catecholamines and polyamines with a newly develop­
ed fluorogenic reagent, 7-fluoro4-nitrobenzo-2-oxa-l ,3- 
diazole (NBD-F), are studied.
2) The pre-column derivatization of amino acids with 
NBD-F followed by HPLC separation and fluorometric 
detection at 530 nm with excitation at 470 nm are 
studied. A few jug of proteins are hydrolyzed with HC1, 
derivatized with NBD-F and analyzed with the proposed 
method.
3) The amino acids in serum, separated on an automatic 
amino acid analyzer, are derivatized in the flow line 
with the reagent and the resultant fluorophores are 
measured.
Presented at the “ 14th International Symposium on Chromatography 
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Introduction
Previously it has been found that NBD-F reacts one order 
of magnitude faster with proline than NBD-C1 [1] and is 
applicable to the fluorometric determination of secondary 
amino acids. In the present communication, the reactiv­
ities of other amino acids and biogenic amines with NBD-F 
are investigated in order to expand the fields of its applica­
tion.
Experimental
NBD-F was synthesized according to the method of Nunno 
et al [2]. The pre-labelled amines were separated on a column 
of TSK LS 160 (150 X 8 mm, i. d.) and the pre-labelled 
amino acids on a column of /i-Bondapak C18 (300 x 3.9 
mm, i. d.). Detection was effected with a Hitachi Fluores­
cence Spectrophotometer. The unlabeled amino acids were 
separated on a column of an automatic amino acid analyzer, 
mixed with borate buffer and derivatized with NBD-F in 
ethanol in the flow line. The generated fluorescence was 
monitored with Fluorescence Spectrophotometer after 
mixing with HC1 to reduce the background level. One drop 
of blood on a piece of paper was extracted with thichloro- 
acetic acid and subjected to the proposed amino acid 
analysis.
Results and Discussion
When proline was reacted with NBD-F in phosphate buffer 
(pH 7.1) at 50 °C, the reaction velocity was 4.35 x 10-1 
mm-1 . Those of glycine and aspartic acid were 3.66 X 10~2 
and 7.67 X 10_3min_1, respectively, see Fig. 1. A primary 
amine, j3-hydroxyphenylethylamine reacted as fast as proline 
and a secondary amine, N-methyl-j3-hydroxyphenylethyla- 
mine reacted faster than proline, which means that the less 
hindered secondary amine reacts faster.
The trace amines, octopamine and synephrine reacted with 
NBD-F to give two peaks on each chromatogram, respect­
ively, the first of which disappeared soon after the onset 
of the reaction and the second of which appeared later on 
in the reaction. The reason for the occurrence of the two 
peaks may be ascribed to the reactivity of NBD-F to a 
phenolic hydroxyl. The first peak appears to correspond 
to N-mono-NBD- and the second peak to N,0-di-NBD- 
derivatives. Similarly, three peaks appeared on each chrom-
Chromatographia Vol.  16 Short Com m unications
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Some applications o f high-performance liquid chromatography in the field o f nucleotides, 
nucleosides and bases
DAVID PERRETT
Department o f Medicine, St Bartholomew’s Hospital 
Medical College, West Smithfield, London EC1A 7BE,
U.K.
It is difficult to speak solely about recent developments in a 
field such as the chromatography of nucleotides, nucleo­
sides and bases since their separation was among the first 
applications of liquid column chromatography on ion- 
exchange resins (Cohn, 1949). This methodology was sub­
sequently refined, improved and applied to a variety of 
biochemical and clinical problems by many authors. It was 
to these same compounds that the first applications of 
modern h.p.l.c. were made when Horvath et al. (1967) 
developed pellicular ion-exchangers, the first high-efficiency 
column-packing materials.
Current chromatographic approaches
Substantial improvements in speed followed the appli­
cation of microparticulate ion-exchange packing materials 
(Hartwick & Brown, 1975) to the separation of nucleotides. 
Recently the separation of nucleotides on reversed-phase 
systems (Anderson & Murphy, 1976), reversed-phase with 
ion-pairing, both isocratically (Juengling & Kammermeier,
1980) and with gradient elution (Hoffman & Liao, 1977), 
and reversed-phase with zwitterion-pairing (Knox & Jurand,
1981) have been reported. In this laboratory we have found 
that for complex biological mixtures the anion-exchange 
systems give the better separations. This conclusion accords 
with that of Brown et al. (1982) but in contradiction to the 
findings of some others. Attention to the pH gradient and 
the quality of the reagents has meant that the current 
system is capable of resolving at least 22 standard nucleo­
tides in 13 min on a 0.46 cm x 10 cm column of APS- 
Hypersil (Perrett, 1982). Attempts to improve upon this 
performance by the use of 3 pm versions of the same 
material have so far proved disappointing since the new 
material possesses a higher surface coverage of amino- 
propyl groups and therefore requires a higher concentration 
of counter-ions to elute the triphosphate nucleotides.
Although nucleosides were originally separated on ion- 
exchange packing materials, reversed-phase packings are 
now the most widely used. In general a simple methanol/ 
buffer gradient will give excellent separations (Hartwick & 
Brown, 1976; Davis et al, 1977) but with the introduction 
of high-efficiency 3 pm materials it is possible to achieve 
very similar resolution isocratically (Simmonds & Harkness, 
1981). Recently there have been fresh attempts to use 
modern packing materials to simultaneously separate all the 
classes of compounds using reversed-phase columns 
(Wynants & Van Belle, 1985) but the general applicability of 
such systems to complex biological samples has yet to be 
proven.
The chromatography of nucleotides, nucleosides and 
bases has been reviewed (Brown et al., 1980; Zakaria & 
Brown, 1981 ; Scoble & Brown, 1983).
Isolation o f nucleotides etc. from biological matrices
Nucleotides, nucleosides and bases are usually released 
from biological samples by acid extraction combined with 
an appropriate degree of physical homogenization. The 
extraction acid most commonly employed is trichloroacetic
Abbreviation used: EC, electrochemical.
acid, the excess of which is removed by using either water- 
saturated ether or an insoluble amine/immiscible solvent 
mixture (Khym, 1975). The ability of h.p.l.c. to rapidly 
measure both trace metabolites and metabolite ratios in the 
same samples has led to a re-evaluation of established 
extraction procedures in order to minimize extraction 
volumes and maximize ATP/ADP ratios. Changes in the 
ATP/ADP ratio can be extremely sensitive, e.g. for erythro­
cytes with a ‘true’ intracellular ATP/ADP ratio of 14, a 2% 
breakdown of ATP to ADP could cause a change in the 
ATP/ADP ratio of 24% and the ADP level, provided there 
is little further breakdown to AMP, increases by 28%. Using 
such an analysis the ATP/ADP ratio of cells apparently 
stable in the short term such as the human erthrocyte has 
been shown to change significantly (Dean et ql., 1978). 
Changes in the ATP/ADP ratio are usually matched by 
similar changes to the GTP/ADP ratio.. The various 
extraction procedures have been critically evaluated by a 
number of workers (Blanchard, 1981 ; Van Haverbeke & 
Brown, 1978; Hartwick etal. 1979; Riss et al., 1980).
It is essential to freeze-clamp tissues in situ using 
suitably sized clamps (Wollenberger et al., 1960) and 
homogenize in 10 vol. of ice-cold 20% (w/v) trichloroacetic 
acid. In tissues such as muscle it may also be necessary to 
include up to 20% methanol in the extraction mixture to 
prevent interconversion of nucleotides during extraction 
(Lush et al., 1979). If  possible an internal standard should 
be included in the extraction mixture but there are no 
ideal candidates for this role. XMP or various cyclic nucleo­
tides probably offer the best compromise. In all cases it is 
best to devote some attention to optimizing the recovery 
and maximizing the ATP/ADP ratio for each type of sample 
under investigation. The isolation and extraction of nucleo­
tides has been comprehensively reviewed (Perrett, 1985)..
Detection
Nucleic acid components possess strong u.v. chromo- 
phores in the region 240—270 nm. This fortunately coin­
cides with the 253.7 nm line in the mercury spectrum and 
this wavelength has been almost universally applied to 
their detection and quantification since the earliest studies. 
This wavelength permits the measurement of the majority 
of unmodified nucleotides, nucleosides and bases with good 
sensitivity (approx. 50pmol injected). This level of sen­
sitivity is adequate for the quantification of nucleotides in 
most tissue extracts but may not be sufficient for many 
nucleosides and bases in similar extracts. It is also 
insufficient for the determination of cyclic nucleotides in 
physiological fluids when the complexity of the samples 
also makes resolution difficult. With the development of 
variable wavelength h.p.l.c. detectors compounds could be 
monitored at their absorbance maxima allowing the quanti­
fication of modified compounds such as 6-mercaptopurine 
which possesses maximal absorption at 330 nm. Variable 
and dual wavelength h.p.l.c. detectors have recently proved 
popular in determining wavelength ratios as an aid to peak 
identification in complex extracts of physiological fluids. 
To date few publications have employed photodiode array 
detectors to this field of study, an application where they 
could prove particularly valuable.
Even so there is a need for a more sensitive means of 
detecting nucleic acid components but to date no universal 
procedure for increasing detection limits has been 
described. For many types of compounds improvements in 
detection limits can often be attained by using fluorescent
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and electrochemical detectors. Over the pH range normally 
associated with column eluates the majority of purine bases 
etc. do not fluoresce (Krstulovic e t  al., 1977). Using a post­
column reactor to adjust the eluate to either pH 1—2 or 
10—12 an increased number of purines and pyrimidines will 
fluoresce (Assenza & Brown, 1984). In particular some 
methyl guanines can be determined at picomolar quantities 
with fluorimeter settings of 295 nm (extinction) and 370 
cut-off filter (emission).
Pre- and post-column derivatization can be employed to 
introduce fluorophors into suitable molecules. The side- 
chains of various modified purines have been derivatized, 
for example 6-mercaptopurine has been measured in plasma 
after reaction of the -S H  group with bimane and the 
separation of the resulting products by reversed-phase 
h.pi.c. (Burton e t  al., 1984) Direct derivatization of the
i---------1--------”1---------1 1
20 15 10 5 0
Time (m in)
Fig. 1. Separation o f  1 , N b -adenine com pounds b y  reversed-  
phase h.p.l.c.
Column: 0.46 mm x 100 mm 3 p m  ODS-Hypersil. Buffer: 
ammonium acetate (0.1 mol/1), pH 5.5, containing tetra- 
butylammonium chloride (0.25 mmol/l)/methanol (96:4, 
w/v). Flow: 1.2 ml/min. Detector: Schoeffel FS970,
extinction 232 nm emission >  389 nm. Injection: 2 0 pi  
(approx. 50 pmol of each compound before derivatization 
with chloroacetaldehyde).
purine or pyrimidine ring would yield as a more useful 
procedure but no general reagent has been described. 
Derivatization of the ring has been used to measure some 
modified compounds such as fluorouracil (Iwamoto e t  al.. 
1984).
Recently interest has refocused on the 1.7V -ethano 
derivatives of adenine compounds which are highly fluor­
escent. Chloroacetaldehyde reacts with adenine- and 
cytidine-containing compounds forming 1, TV6-ethano de­
rivatives (Kochetkov ef al., 1971). The reaction was studied 
in detail and the products were shown to be highly fluor­
escent (Barrio e t  a l ,  1972; Secrist e t  a l ,  1972). After 
pre-column derivatization of standard mixtures, Yoshioka 
& Tamura (1976) were able to separate the fluorescent 
derivatives of adenine, adenosine, AMP and cyclic AMP by 
h.p.l.c. Kuttesch et al. (1978) and later Jacobson e t  al. 
(1983) quantified adenosine in physiological fluids by 
separation of 1 ,# * -ethano adenosine by reversed-phase 
h.p.l.c. The method is extremely sensitive being able to 
determine less than 50 fmol of the derivatives and since
Time (m in)
Fig. 2. Detec tion  o f  nucleosides, nucleotides a n d  bases in a 
trichloroacetic acid extract  o f  rat k id n e y
Column: 0.46 mm X 100 mm 3 p m  ODS-Hypersil. Buffer, 
sodium phosphate (0.05 mmol/1), pH 7, containing tetra- 
butylammonium chloride ( 1 mmol/1/)/ methanol (98:2 
w/v). Flow: 1.2 ml/min. Detectors: (1) Cecil CE2012 at 
254 nm 0.1 A fsd„ (2) EDT LCA15 elecrrochemical 
detector with glassy carbon working electrode at 1.15 V v 
Ag/AgCl 100 nA fsd. Injection: 20ql (equivalent to 0.5 mg
of tissue). ------- , U.v. detection-------------, electrochemical
detection.
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the reaction is specific for adenine compounds it is 
possible to determine cyclic AMP directly in plasma and 
urine (Wojcik e t  al., 1981). After the introduction of 
improved colurmvpacking materials it became feasible to 
resolve the 1,TV6-ethano derivatives of the adenosine 
nucleotides by reversed-phase h.p.l.c. (Preston, 1983). Since 
the derivatization procedure does not affect the phosphate 
side chain the nucleotides remain highly polar and their 
resolution is not totally satisfactory on reversed-phase 
packings. They have also been separated by anion-exchange 
chromatography (Yoshioka e t a l ,  1984). We have been able 
to achieve a good separation by reversed-phase h.p.l.c. in 
the presence of tetrabutylammonium ion. The pH, ion-pair 
and methanol concentrations must be carefully adjusted in 
order to separate the ribonucleotide derivatives from 
adenine and adenosine, particularly when deoxyribinucleo- 
tides and nicotinamide nucleotides may also be present 
(Fig. 1) The combination of periodate/methylamine 
oxidation of ribonucleotides followed by the formation of 
1 .TV6 -ethano-deoxyribonucleotides offers the possibility of 
their direct quantification by h.plc. Recently it has been 
reported (Yoshioka e t  a l ,  1984) that bromoacetaldehyde 
can replace chloroacetaldehyde in the reaction and gives a 
20% improvement in the yield of the nucleotide derivatives 
since it  reacts faster and therefore-acid hydrolysis of the 
nucleotides is reduced. For either reagent the derivatization 
procedure, 2 0 -4 0 min at 80°C in pH 4.5 buffer, is simple 
and reproducible.
The other popular h.p.l.c. detector capable of femto- 
molar sensitivities is the electrochemical (EC) detector. A 
number of lines of evidence point to the potential 
usefulness of this detection principle with purines etc.
h.p.l.c.—EC methods for uric acid (Pachla & Kissinger, 
1979; Iriyama e t  al., 1983), theophylline and caffeine
(Lewis & Johnson, 1978) have been described. The 
mechanism of oxidation of the simple purines at the 
pyrolytic graphite electrode was studied some years ago 
(review by Dryhurst, 1972). In an early study Varadi e t a l  
(1974) monitored the eluate from a Sephadex G-10 column 
with a voltammetric detector and demonstrated the sepa­
ration of four bases in about 8h and also showed that GMP 
was electroactive.
Using a previously described flow injection system 
(Perrett, 1984), we have systematically surveyed the 
electrochemical oxidation of a number of purine and 
pyrimidine compounds at glassy carbon electrodes over a 
variety of pH values. At pH 4, 7 and 9, guanine, xanthine 
and their nucleosides and nucleotides are electrochemically 
active at working potentials greater than 0.9 V v Ag/AgCl, 
whereas adenine, adenosine and hypoxanthine are most 
reactive at pH 7 and 9. Uracil was weakly reactive over the 
same pH range. Other purines and pyrimidines tested could 
not be detected. These results are summarized in Table 1. 
The optimum working potentials were in general greater 
than IV  and were to some extent affected by the carrier 
buffer pH. Quantitatively, guanine and its related com­
pounds gave the highest electrochemical response. We have 
used commercial electrochemical h.p.l.c. detectors (Bio- 
analytical systems LC4A and EDT Research LCA15) 
equipped with glassy carbon electrodes in series with u.v. 
detection to monitor the eluate from ion-paired reversed- 
phase ODS-Hypersil 3 jum columns. The chromatography 
eluent approximated to that optimized by Perrone & 
Brown (1984) for nucleotides but it has not yet been 
possible to develop the system so that the majority of bio­
logically important nucleotides, nucleosides and bases are 
separated in one isocratic run. Using the dual u.v.—EC 
detection system it is possible to detect a wide variety of
1er.
tra-
8:2
I at 
deal 
V v 
> mg 
rical
Table 1. Survey o f  electrochemical ac t iv i ty  o f  hases, nucleosides and nucleotides
Determined using Bioanalytical Systems glassy carbon electrode coupled directly to 
a Rheodyne 20jUl injection valve and ACS 300/01 pump. Buffer potassium phos­
phate (0.1 mol/1) containing 2% methanol. The working electrode was maintained 
at 1.1 V v Ag/AgCl. * * * Strong electrochemical activity; * * moderate electro­
chemical activity; *weak electrochemical activity; — no electrochemical activity, 
0, not yet tested.
Adenine
Guanine
Xanthine
Uracil
Cytosine
Thymine
PH
Hypoxanthine 7 
9
Base Nucleoside NMP NDP NTP Cyclic NMP
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compounds in physiological extracts (Fig. 2) In the case of 
guanine-related compounds the EC detector is significantly 
more sensitive than the u.v. detector. In the same manner 
as using two u.v. wavelengths to give a ratio which is 
characteristic of a u.v. absorbing peak, a EC/u.v. ratio can be 
obtained. This ratio can differ by orders of magnitude and 
is a very useful guide to the identification of components. 
Even more so than with u.v. ratios the EC/u.v. ratio is 
dependent on the actual chromatographic system. Although 
peak broadening caused by an EC cell placed before the u.v. 
cell should be negligible the variations in response of the 
individual glassy carbon electrode surface may vary widely. 
During the course of this study a method for the sensitive 
determination of guanine nucleotides was described 
(Yamamoto etal., 1984).
Conclusions
H.p.l.c. has proved itself to be a powerful analytical tool 
in the field of nucleotides arid other nucleic acid fragments. 
It has made important contributions to both the qualitative 
and quantitative aspects of the study of nucleotide and 
purine metabolism not only in biochemistry but also in 
clinical medicine, immunology and physiology. The traffic 
though has been two way and many advances in h.p.l.c. 
instrumentation have originated with workers in this field. 
Hooefully this symbiotic approach will continue into the 
future.
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COMPARATIVE PERFORMANCE OF DIFFERENT HPLC 
SYSTEMS WITH ELECTROCHEMICAL DETECTION
David Perrett 
Department of Medicine
St. Bartholomew's Hospital Medical College 
7 London ECU 7BE
For s u i ta b le  compounds, HPLC with electrochemical detectionWmMM
drugs- , ;
that we h a v e  encountered with three different systems ^  in our
High specificity is obtainable since only electrochemically 
active species are detected and then only above certain applied
tages of specificity over the common carbon-based electrodes. Recently
112 D. Perrett
Table 1. Some sources of noise with electrochemical detectors.
Type Source 'Solution'
Elect­
rical
Liquid
Others
Detector sensititivy too high 
Operating potential too high
Electrode type and/or design 
Electrode poorly prepared 
Electrostatic effects 
Time constant of amplifier 
Spikes from other lab. equipment
Grade of buffers/reagents 
employed 
Leaks in system 
Bubbles in buffers or the flow 
cell
Closed electrical circuit in 
buffer
Pulsations from the pump
Metal fittings in the systems
Temperature fluctuations at 
electrode
Reduce if possible 
Reduce to lowest value with 
requisite sensitivity 
Choose appropriate electrode 
Re-pack or polish electrode 
Common ground system [4] 
Select better setting 
Isolate detector from source
Use Analytical Reagent 
quality, and re-circulate 
Seal leaks
De-gas and re-circulate
Let solvent drip into 
buffer at outlet
Select better pump or add 
more pulse dampeners 
Remove metal sinters and/or 
add EDTA to buffers 
Thermostat cell and/or 
shield from draughts
Table 2. 
The colun 
'temperatx 
10% (v/v: 
electrode 
used in 
values a
Flow, — 
ml/min
0.5 
1.0 
IV 5 
2.0 
2.5
a copper electrode has been used to detect amino acids [5], and gold 
electrodes for thiols [6, 7]- The growing popularity of with
EC detection is apparent not only from the many applications recent y 
published, particularly for catecholamines [8,.9; cf. #F-1, this vo .J, 
but also by the growing number of EC detector manufacturers.
EQUIPMENT
The EC detectors regularly used were the 4 and 4A types from 
Bioanalytical Systems Inc. (W. Lafayette, Indiana) and^a type LCA -b 
from EDT Research Ltd. (London NW10 7LKU). The EC detector ce 
employed with the former were a BAS TL3 carbon-paste cell, an _
was supplied with an LCA13 glassy-carbon electrode. Other detecto 
were kindly loaned for this study. All studies were performed in the 
oxidative mode. The various pumps employed are shown m  Ta e . 
The detector outputs were recorded using either Servoscribe rec° 
ders or a HP3390A integrator (Hewlett Packard) which was used in 
plot mode for the studies on detector noise levels.
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Table 2. Pump-associated noise in electrochemical (EC) detection. 
The column was 3 ym ODS-Hypersil, lOOxi.d. 4*6 mm, run at ambient 
temperature with 0.1 M citrate/phosphate pH 6 buffer containing 
10% (v/v) methanol. Detection was with a BAS glassy-carbon
electrode at +0.4 V, time constant 1 sec; the HP3390A recorder was
used in the plot mode. F = fast noise, S = slow noise (see text);
values are the peak-to-peak noise, in pA.
Flow, Altex 110A  ^ Knauer 64 ACS 300/01 S-P8770 Waters 6000
ml/min F S F S F S F S F S
0.5 10 41 10 33 15 37 16 32
1.0 1 n 40 10 48 10 36 15 38 44 73
1.5 20 37 12 54 .. 12 44 17 67 51 83
2.0 25 53 15 66 12 62 20 59 31 83
2.5 30 82 20 95 .10 55 15 75 46 96
fitted with an additional pulse-damper
ROLE OF THE PUMP IN NOISE REDUCTION
not determined
EC detector cells can act rather like pressure transducers, 
generating a small current with small changes in pressure/flow-rate. 
For minimum noise the liquid system should be well damped. This 
has led some workers to claim that only syringe pumps are. suitable 
for high-sensitivity applications [4] • Pulsations in HPLC pumps 
are reduced by various means - electronic correction (e.g. Spectra- 
Physics, Altex), rapid stroke (e.g. ACS 300, Knauer) or special 
gears (Waters 6000) - but the EC detector tests these approaches 
severely.
Overall system noise consists of at least two components, fast 
and short-term; fast noise is smaller in peak-to-peak amplitude and 
leads to a general blurring of the baseline. I have defined slow 
noise as that occurring on a cycle possibly greater than 1 min but 
giving deflections that could at worst be mistaken for small peaks 
and are certain to lead to errors in quantitation. Baseline drift 
caused by long-term changes in detector response has not been consi­
dered here since, in high-sensitivity analytical work, drift and the 
disturbances caused by the solvent front are often so large that 
the detector needs frequent baseline correction. To some extent 
the measurement of system noise is rather subjective. A published 
discussion [10] on the evaluation of noise in HPLC UV detectors is 
also largely applicable to EC detectors.
Table 2 shows the values of the noise components for 5 well- 
known HPLC pumps when coupled directly to an ODS-silica column
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Table 3* Noise levels of 4 commercial electrochemical detectors, 
Noise values represent the noise for a glassy-carbon electrode 
measured peak-to-peak in pA at 0.6 V vs. Ag/AgCl with buffer 
flowing at 1 ml/min using a damped Altex 110 pump.
Detector Fast noise, pA Slow noise, pA Time Constant, sec
BAS 4 or 4A 16 40 2
Chromatix 95 400 2
Metrohm 180 10000 2
EDT 35 95 2
the cell is also acceptable in the same range. Above +0.8 V the 
stability of the cell decreases, particularly if high-sensitivity 
detection is to be performed. For noradrenaline, • the maximum on the 
voltammogram occurred at +0.4 V, which for work at moderate sensiti­
vity - e.g. detection of 20 pmol - gives the maximum response; but 
a lower maximum at 0.35 V is revealed by plotting signal-to-noise 
ratio vs. voltage when noise is more pronounced, viz. detector set 
at 1 nA full-scale deflection. Even such a reduction in working 
potential to obtain maximum sensitivity may be too little to gain 
improvements in selectivity. Even at low working potentials most 
physiological fluids abound in electro-active species which can give 
rise to interfering peaks and/or massive frontal peaks that mask the 
peaks of interest. A reduction of 25% in the working potential was 
found necessary to gain the necessary selectivity to measure thio— 
malic acid, in urine [7] • The maximum potentials quoted here may 
appear low compared to those quoted in the literature. However, we 
have observed that even the same electrode can change its surface 
properties over a period of time; thereby its optimum working poten­
tial falls, its noise level increases, but its working sensitivity 
apparently is unimpaired. One must therefore determine the necessary 
operating parameters for one's system and check them at intervals.
Of the 5 detectors studied, the BAS 4 and 4A were very similar 
in performance and can be considered the same. (This company has 
since introduced two new models which have not been studied.) The 
minimum noise levels achieved for the different detectors are shown 
in Table 3*
Two detectors linked to identical HPLC systems were compared 
for absolute sensitivities towards catecholamines (Table 4). The 
two cells differed in design whilst both being of glassy-carbon 
type; the BAS system employs a thin-layer cell while the EDT system 
employs a wall-jet design with a working electrode of greater surface 
area. The two electrodes gave comparable responses to catecholamines 
and, provided that levels greater than 3-4 pmol were to be measured.
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Table 4. Comparative performance of two commercial detectors 
(gc denotes glassy carbon). The noise value is for 2 sec EC time 
constant. The pmol value used for calculating the response is the 
amount loaded onto the column.
Response, pA/pmol
Cell type and surface area Noise, pA noradrenaline adrenaline
BAS 4, thin-layer gc; 7 mm2 40 286 306
BAS 4A, thin-layer 2Xgc; 14 mm2 98 540 504
EDT, wall-jet gc; 19.6 mm2 95 262 277
performed well. With a single electrode the noise level of the BAS 
cell was less than half that of the EDT cell using identical time 
constants, so improving the limit of detection 2-fold. With two 
glassy-carbon electrode blocks maintained at the same potential (as 
is standard practice in our laboratory), the noise level of the BAS 
system more than doubled but the response increased by less than 
2-fold. In such a configuration the surface area of the BAS cell 
was still below that of the wall-jet cell but the response to cate­
cholamines was double (Table 4). These findings complement those 
reported by Bunyagidj & Girard [ll], who compared the Hitachi Ô30 
detector with an ESA Coulometric monitor: the latter gave a detection 
limit similar to that of the BAS detector reported here, but the 
Hitachi detector was some 40-fold less sensitive; The Hitachi detec­
tor is coulometric, as is the ESA, but the greater surface area 
required to give 100% conversion entails a correspondingly greater 
noise.
SELECTIVITY OF VARIOUS ELECTRODE MATERIALS
Using a flow-injection technique, the properties of various 
electrode materials could be rapidly investigated - e.g. glassy- 
carbon, carbon paste, gold and platinum. An ACS 300/01 pump was 
coupled to a Rheodyne injection valve (20 yl) the outlet of which 
was" taken directly into a BAS TL-4 detector cell via 20 cm of 0.15 nun
i.d. PTFE tubing. The appropriate working electrode, suitably pre 
pared, formed the lower half. Because of the pulse-free nature of 
this pump it was still possible to operate the detector at up to 
10 nA full-scale deflection with minimum baseline noise. With the 
detector time constant set at 0.5 sec, the detector and recorder 
together had an overall response time of ~0.8 sec; therefore peaks 
of up to 70% full-scale deflection were reproducibly recorded.
All the electro-active compounds studied could be detected at 
all electrodes but with differing sensitivities and selectivity;
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Fig. 2. Voltammograms for selected compounds determined by flow- 
injection analysis at A) glassy-carbon and B) gold working 
electrodes. TRP = tryptophan, DA = dopamine, NE = noradrenaline 
(norepinephrine), DMSA = dimercaptosuccinic acid, 6MP = 6-mercapto­
purine, D-PEN = D-penicillamine.
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this was particularly so for the thiols. Fig. 2 shows voltammograms 
obtained for selected compounds using glassy-carbon and gold elect­
rodes. Fig. 3 shows the influence of the electrode material on the 
determination of a typical catecholamine, noradrenaline, and an anti­
hypertensive thiol-containing drug, captopril.
Table 5 summarizes the optimum working potentials for all the 
compounds tested with the various electrodes. Silver was found to 
be a poor electrode since it rapidly lost sensitivity due to the 
formation of a black oxidized layer on the electrode surface. This 
was unfortunate since its initial response was always high. It is 
possible that with suitable buffer systems it could prove a good 
electrode material, particularly for thiols.
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Fig. 3* Influence of working-electrode composition on the detection 
of A) noradrenaline and B) captopril. GC = glassy-carbon,
CP-0 = carbon paste (BAS type 0).
The catecholamines were in general detected at potentials above 
+0.7 V with all the electrodes except the mercury amalgam electrode. 
The specific reaction of thiols with mercury gave lower maximum 
potentials for all those thiols tested. Direct oxidation of the 
thiol groups also occurred at potentials above +0.9 V with the other 
electrode materials. At this potential oxidation to the disulphide 
is probably the dominant reaction, and such high values have been 
employed to measure D-penicillamine in physiological fluids [12]. But 
for captopril with gold and platinum electrodes a second significant 
maximum at 0.8 V and 0.7 V respectively was also obtained. Cysteine, 
D-penicillamine, 6-mercaptopurine, a-mercaptopropylglycine (Thiola) and 
A/-acetyl-D-penicillamine also exhibited a maximum at these lower 
potentials with the gold electrode. For cysteamine this lower peak 
was even more specific since it occurred only at the platinum elect­
rode and the response was effectively constant between 0.55 and 1 V.
The use of such a secondary (i.e. lower) voltage should allow 
the development of both highly specific and sensitive HPLC-EC assays. 
In particular the findings with cysteamine offer, assuming a suitable 
chromatographic separation, a conceivable means of measuring this 
compound, relevant to the use of cysteamine in treatment of cystin- 
osis. The nature of the electrochemical reaction occurring at these 
lower voltages is still unclear, and awaits further work.
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Table 5* Voltammogram maxima for different compounds and electrode 
materials. Values were determined by flow injection. Note: sensi­
tivity varied considerably. Two values for +V (vs. Ag/AgCl) are 
given where there was a secondary peak (see text).
Compound
Glassy Carbon 
carbon paste Gold Platinum
Gold/
mercury
Noradrenaline 1.0 0.8 1.4 1.1
Adrenaline 1.0 0.8 1.4 1.1
Dihydroxybenzylamine 1.0 0.8 1.2 1.1
Dopamine 0.9 0.7 1.2 1.1
Metadrenaline 1.0 0.9 1.4 1.2
Dihydroxyphenylaeetic 0.9 0.7 1.2 1.2
acid (DOPAC)
Tryptophan 1.1 1.2 1.4 1.2 *'
Uric acid 1.2 1.2 1.2
Cysteine 1.2 1.2 1.4, 0.7 1.4, 0.5 Ô.08
D-Penicillamine 1.2 1.2 1.4, 0.8 1.4 0.1
W-Acetyl-D-penicillamine 1.2 1.2 1.4, 0.7 1.4 —  -
Thiomalic acid 1.2 1.2 1.4, 0.8 1.4 0.12
2, 3-Dimercaptosuccinate 1.2 1.2 1.4, 0.8 1.4 -
Mercaptopropylglycine 1.2 1.2 1.4, 0.8 1.4 -
6-Mercaptopurine 1.2 1.2 1.4, 0.7 1.4 0.1
N-slc e tylcy s t eine 1.2 1.2 1.4, 0.7 1.4 -
Cysteamine 1.2 1.2 1.4 1.4, 0.7 -
Thioglucose 1.2 1.2 1.4, 0.8 1.4 -
Captopril 1.2 1.2 1.4, 0.8 1.2 0.07
■* not detected (cf. - , signifying not determined)
CONCLUSIONS AND EXAMPLES OF ASSAYS ON PLASMA
Trace analysis requires not only good sensitivity but also good 
chromatographic techniques with efficient separation, as stressed 
throughout this series. C.R. Jones (cited at the start of this 
article) has especially considered the subtle problems in routinely 
working at trace levels, particularly with biological samples. Full 
benefit from the capability of EC detection coupled to HPLC to give 
high sensitivity requires care in the selection of equipment and in 
its daily operation with attendant difficulties. For electro-active 
compounds the sensitivity is comparable to that of current fluores­
cence detectors, which are likely to be more selective. EC detectors 
are prone to buffer and sample artifacts which can affect both sen­
sitivity and selectivity. The latter can be improved by the correct 
choice of iclectrode and working potential, and then one can develop 
some uniquely sensitive and rapid assays.
120 D . Perrett [C-l C-l]
<Q
100 min 5
Fig. 4* Determination of catechol­
amines in normal basal plasma. A 
2 ml sample was extracted onto 
acid-alumina. Elution of analytes 
into 125 ul of 0.5 M phosphoric 
acid was followed by HPLC (100 pi 
loaded).
Column: 3 pm ODS-Hypersil, 100 x 
4.6 mm. Mobile phase: 50 mM 
citrate-phosphate buffer pH 6.0 
containing 1 mM o c tane s ulphoni c 
acid and 10% (v/v) methanol.
BAS detector with dual glassy 
carbon electrode at 0.5 V vs. 
Ag/AgCl.
NE = noradrenaline, E = adrenaline; 
calculated plasma levels 1.25 nM and 
0.32 nM respectively. DHBA, dihyd­
roxybenzylamine as internal std.
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Fig. 5* Determination of 
D-penicillamine and L-cys­
teine in plasma of a cystin- 
uric patient receiving the 
drug. Plasma (1 ml) precipi­
tated with 100 pi salicyl- 
sulphonic acid (4 M), and 
20 pi of supernatant taken. 
Column: 5 pm SCX silica,
100X 4.6 mm. Mobile phase: 
30 mM ammonium acetate buf­
fer pH 2.3•
BAS detector with a gold 
working electrode at 0.5 V 
vs. Ag/AgCl.
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Through our understanding of the HPLC-EC systems outlined in 
this article, a number of assays for naturally occurring analytes 
and various drugs [3, 7] are routinely run in my laboratory. Fig. 4 
illustrates the measurement of catecholamines in human plasma a 
pH levels using a glassy-carbon electrode sandwich. The catechol­
amines had been extracted from plasma onto acid-alumina, then desor 
bed for chromatography as indicated in the Fig. legend. Fig. 5 
illustrates the simultaneous determination of cysteine and D-peni- 
cillamine in the plasma of a cystinuric patient receiving D-Pem-cil- 
lamine for the dissolution of cystine calculi. The plasma proteins 
were acid-precipitated and the supernatant injected directly onto 
the column. The gold working electrode was maintained at +0-5 V i 
order to achieve the necessary specificity by reducing the influence 
of the frontal peak.
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